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Abstract 
 
Electronic equipment, especially computers and mobile phones, plays a major role in 
increasing our standard of living, but they quickly become obsolete because 
developments in technology are very rapid.  The superseded equipment, including all 
components, sub-assemblies and consumables, becomes waste and is commonly 
referred to as WEEE – waste electrical and electronic equipment. 
 
The annual amounts of WEEE being generated throughout the world are large and 
increasing more rapidly than the rate of general municipal waste.  In the past WEEE 
was usually landfilled, but this is no longer acceptable in most countries because toxic 
materials leach from WEEE into the water table.  WEEE also contains significant 
amounts of many scarce and valuable metals like gold, silver and indium and so 
should be regarded as “urban ore” which contains higher concentrations of these 
metals than many natural ores. Collecting and reprocessing WEEE to recover as 
many of these metals as possible would make a contribution to their sustainability by 
increasing the lifetime of natural ore deposits. 
 
Reprocessing WEEE mainly involves pyrometallurgical methods, but presents many 
technical challenges. The combination of metals found in WEEE is not the same as 
that found in ores, so the smelting techniques and slag systems that produce high 
recoveries of valuable metals from concentrates may not also produce high recoveries 
from WEEE.  Including this waste in the feed to primary smelters is practiced in some 
parts of the world, but in Australia these smelters are very far from capital cities so 
transport costs become prohibitive. A more attractive option is to add WEEE to the 
feed of secondary copper smelters which process general copper-bearing wastes 
because these smelters are usually close to the cities where WEEE is generated.  
These smelters use a technology known as “black copper smelting”.  However, 
technical information relating to black copper smelting is lacking because the 
companies involved are too small to have sustained a significant research effort.  This 
impedes the optimal design of WEEE reprocessing operations. 
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In this work, the behaviour of two metals of interest in WEEE under black copper 
smelting conditions was investigated.  The metals chosen were tin and indium 
because both are valuable and the natural supply of indium in particular is very small.  
The way in which tin and indium distribute between copper and slag under a range of 
oxygen partial pressures and slag compositions in the CaO-SiO2-FeOx (FCS) slag 
system at 1300 °C was investigated experimentally.   
 
The method chosen was the three-phase equilibration method.  Copper and slag were 
brought to equilibrium in contact with a CO/CO2 gas mixture.  A small amount of tin 
or indium was initially added to either the copper or the slag.  Experiments were 
conducted to determine the minimum time required to reach equilibrium.  Several 
difficulties and sources of error were experienced.  The range of Fe/SiO2 ratios in the 
slag that could be investigated was limited due to interaction between the slags and 
the magnesia crucibles used to hold them.  At high CaO contents the slag expanded 
sufficiently on cooling to break the crucible and spill its contents.  The concentration 
of tin and indium had to be kept very small (~1 wt% Sn, ~1 wt% In) to ensure that 
their activity coefficients in copper and that of their oxides in slag were constant.  
However this led to significant relative errors in the analysis of these metals. 
 
It was concluded that tin is present in slag as SnO (Sn2+) between oxygen partial 
pressures of 3 x 10-9 atm and 10-6 atm.  This is in accord with the literature for iron 
silicate slags, but contrary to that for calcium ferrite slag and calcium magnesium 
silicate slag where SnO2 becomes predominant at the higher oxygen partial pressures.  
It was also found that, under the same conditions, indium appeared in slag as InO 
(In2+).  This is in accord with one previous study, but contrary to another where InO1.5 
was said to be the oxide present. 
 
The distribution ratios for both tin and indium were found to be dependent on the slag 
composition.  The slag/metal distribution ratios decreased as the CaO content 
increased.  It was also found that the Fe/SiO2 (w/w) ratio had a minimal effect on the 
distribution ratios.  As a result, the iso-distribution ratio lines plot as almost 
horizontal lines on a Kongoli phase diagram for the copper-saturated CaO-SiO2-FeOx 
system.  This behaviour is characteristic of “neutral” metal oxides within the context 
of the acid/base theory of metal oxide interactions in slags. 
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The activity coefficients of SnO(l) and InO(g) in the slags were calculated from the 
distribution ratios and from agreed values for the limiting activity coefficients of tin 
and indium in molten copper.  The gaseous standard state must be used for InO 
because this species only exists as a gas at 1300 °C.  Activity coefficients are 
inversely proportional to slag/metal distribution ratios, so the iso-activity coefficient 
lines also plot horizontally on the Kongoli phase diagram.  The activity coefficient of 
SnO varied from 1.0 at 5 wt% CaO to 3.5 at 25 wt% CaO while that of InO(g) varied 
from 1.0 x 10-7 at 5 wt% CaO to 9.0 x 10-7 at 25 wt% CaO. 
 
Computational thermodynamic models were created for both the reduction and 
oxidation stage of black copper smelting.  In the reduction stage the CaO 
content in slag does not greatly affect the recovery of copper, lead, zinc 
and tin to the black copper. The indium recovery to copper increases a 
little when the CaO content in the slag increases.  However it is unlikely that  
the use of high CaO slag could be economically justified. The 
reduction stage can be considered successful in that only very minor 
amounts of tin and indium are lost to the slag.  When the black copper is 
next oxidised significant amounts of lead and zinc are removed as 
fume.  However, tin and indium are predicted not to be fumed and report 
almost entirely to the slag.  Recovery of tin and indium from slag are predicted not to 
be high so it must be concluded that the black copper smelting route for processing 
WEEE is not suitable for the recovery of all metals of interest from WEEE. 
 
This work has produced novel information on the behaviour of indium in  
CaO-SiO2-FeOx slags and confirmed that of tin.  It has contributed to the fundamental 
understanding by confirming theoretical predictions of the acid/base behaviour of 
indium and tin oxides based on ionic bond strengths and the fractional ionic character 
of the bonds in the oxides, in that SnO and InO were found to be neutral in character.  
Finally, it has made use of the calculated activity coefficients of SnO and InO to 
analyse the performance of the black copper smelting route for reprocessing WEEE 
and found it to be inefficient for tin and indium recovery.   
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1. Introduction  
 
Electronic equipment plays a major role in increasing our standard of living, but 
developments in technology are so rapid that electronic goods quickly become 
obsolete and must be replaced.  The superseded equipment becomes waste and is 
often referred to as WEEE – waste electrical and electronic equipment. 
 
According to the European Union (EU) Directive 2002/96/ECD (European 
Parliament and of the Council, 2003) WEEE is defined as; 
 “Electrical or electronic equipment which is waste. . . including all 
components, sub-assemblies and consumables, which are part of the product 
at the time of discarding.”  
 
WEEE is a very serious emerging problem because the volume of it being generated 
is so large and is increasing rapidly.  It constitutes one of the fastest growing 
categories of consumer waste, growing at a rate of 3-5% per annum which is three 
times faster than that of any other municipal waste category (Widmer et al., 2005).  
The cheapest way to deal with WEEE is to dispose of it in landfill close to the source 
of supply, but many governments now limit or prohibit this practice.  Landfilling of 
WEEE has a negative impact on the environment due to the leaching of harmful 
substances such as lead, mercury, arsenic, and cadmium from the waste  
(Zoeteman et al., 2010, Puckett et al., 2002).   
 
WEEE can also be viewed as an “urban ore” because it is an excellent resource of a 
wide range of materials.  It contains more than 60 different substances, including  
40 elements from the Periodic Table and many of these elements are scarce and very 
valuable.  Disposing of WEEE to landfill disperses many of these valuable elements 
so widely that recovery becomes impossible.  Lost metals need to be replaced from 
natural resources in the earth’s crust, but many of these resources are rapidly being 
depleted.  A significant contribution to the sustainability of metal production can be 
made if the metals in WEEE are recycled. 
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Reprocessing WEEE to recover valuable metals is not a simple matter.  Aside from 
the practical difficulties of collection and sorting from non-valuable municipal waste, 
WEEE itself is a complex heterogeneous mixture of metallic and non-metallic 
substances.  Components containing valuable metals are bonded strongly to other 
components which have little value.  Reprocessing WEEE is currently dominated by 
pyrometallurgical methods (Antrekowitsch et al., 2006) and this is likely to remain 
the case for many years to come.  'However, some of the materials in WEEE can 
adversely affect processing operations e.g. aluminium, lithium, titanium and barium 
very adversely affect slag properties e.g. raise the liquidus temperature and/or 
viscosity and in the case of lithium, make the slag more corrosive towards 
refractories. 
 
There is another significant issue relating to WEEE which makes the optimal design 
of smelting processes for WEEE difficult.  The combination of elements in WEEE 
does not match that in common primary mineral concentrates, for which smelting 
technology has been optimised over many years and for which a large database of 
information has accumulated.  Little information exists for the separation of the 
combinations of elements in WEEE.  This requires a rethinking of traditional 
processing techniques, which must be based on knowledge of how these unusual 
minor elements distribute between phases during smelting. 
 
WEEE can be smelted in operations whose primary feed is copper concentrates, 
however such smelters are sited close to the mines and so are often remote from large 
cities which are the source of WEEE.  Transporting WEEE large distances is 
uneconomic.  A more attractive way to reprocess WEEE and minimise the transport 
barrier is to incorporate it into secondary copper smelting operations.  These 
recycling plants are close to large cities, which are the source of general metallic 
scrap.  The first stage of reprocessing involves reduction because a large part of the 
scrap feed is oxidic dross materials.  The copper produced contains many of the other 
elements in the feed and is termed “black copper”.  Some partitioning of elements 
occurs during reduction, some during the next oxidation stage and some during final 
electrorefining of the copper.  Partition of elements into slag often means their 
irretrievable loss so processes must be designed to minimise this. 
 
Minor Elements Distribution during   
the Smelting of WEEE with Copper Scrap 
 3 Alicia Anindya   
In this thesis the behaviour of two metals of interest in WEEE, under black copper 
smelting conditions, will be investigated.  The elements chosen are tin and indium 
because both are valuable and the natural supply of indium in particular is very small.  
Tin is the more common metal, so limited distribution data for it exists and this will 
enable validation of the experimental technique used.  Indium is much rarer and is 
never recovered in primary copper smelters, so no data is available regarding its 
distribution behaviour.  This data will constitute the novel contribution of this work to 
the existing body of knowledge. 
 
The classical three phase equilibration technique was chosen for this work.  Copper 
and a slag of chosen composition are equilibrated in a small crucible in contact with a 
gas phase of controlled oxygen partial pressure.  The temperature and oxygen partial 
pressure are those appropriate to black copper smelting.  A very small amount of tin 
or indium is initially added to either the copper or the slag.  After equilibration the 
sample is cooled and the copper and slag analysed.  Entrainment of one phase in the 
other is one significant source of difficulty with this technique, but there are other 
problems and they will be examined and their impact on the results considered. 
 
Minor element distribution data alone is useful for process design, but the data can be 
manipulated to yield the activity coefficient of the minor element oxide in the slag 
provided that the limiting activity coefficient of the minor element in copper is 
known.  The reliability of this data will be assessed in this thesis.  Once the activity 
coefficients of the minor element oxides in slag are known then computational 
thermodynamics modelling can be employed to explore the effect of changes in 
processing parameters on the recovery of the minor elements.  This will be 
demonstrated for tin and indium during black copper smelting by examining the 
effect of changes in slag composition on tin and indium recovery. 
 
Activity coefficient data for oxides in slags also provides fundamental knowledge 
which increases our understanding of the solution thermodynamics of slags and in 
particular of the nature of the interactions between species in slags.  As such this 
work also contributes to theoretical understanding. 
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2. Literature Review 1 
 
 
2.1. WEEE/E-Waste 
  2.1.1 Definitions 
 
WEEE, e-waste and e-scrap are often used interchangeably as common abbreviations 
for electronic waste.  However, Lehner (2011) distinguishes between WEEE, e-waste 
and e-scrap.  Sinha-Khetriwal et.al (2006) describe WEEE simply as the electronic 
items that consumers dispose of after those items reach the end of their useful life. 
Different countries have their own prescriptive definitions and interpretations of the 
terms WEEE / e-waste / e-scrap.  Table 2.1.1 gives the three definitions by different 
initiatives, conventions, agencies, NGOs (non-government organisations) and 
countries.  The definition used is important in connection with reported collection 
figures.  In this thesis, the definition according to the European Union (EU) Directive, 
referenced to the Basel Convention, is going to be used since this is the most widely 
accepted definition. 
 
WEEE, according to the EU Directive, consists of unwanted electrical and electronic 
equipment, including the components, subassemblies and consumables of the product 
at the time of discarding.  This waste includes equipment which depends on the 
presence of electric currents or electromagnetic fields to work and/or equipment for 
the generation, transfer and measurement of such currents and fields;  and those that 
have voltage rating below 1000V AC or 1500V DC (UNEP, 2007).  The voltage 
limits are intended to ensure that large industrial equipment is not covered as WEEE, 
but includes all other appliances run by electricity, from large household devices to 
consumer electronics to computers which have reached the end of their life and/or are 
no longer wanted.  These technologies are concentrated in large cities and so WEEE 
is generated mostly as part of consumer waste in such cities. 
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Table 2.1.1. WEEE Definition and its Variation 
 
Reference 
 
 
Definition 
 
 
EU E-WASTE Directive 
(European Parliament and 
of the Council, 2003) 
 
“Electrical or electronic equipment which is waste. . . 
including all components, sub-assemblies and 
consumables, which are part of the product at the 
time of discarding.” Directive 75/442/EEC, Article 
1(a) defines “waste” as “any substance or object, 
which the holder disposes of or is required to dispose 
of pursuant to the provisions of national law in 
force.” 
 
 
Basel Action Network – 
BAN  
(Puckett et al., 2002) 
 
“E-Waste encompasses a broad and growing range of 
electronic devices ranging from large household 
devices such as refrigerators, air conditioners, cell 
phones, personal stereos, and consumer electronics to 
computers which have been discarded by their user." 
 
Organisation for Economic 
Cooperation and 
Development – OECD 
(OECD, 2001) 
“Any appliance using an electric power supply that 
has reached its end-of-life.” 
 
StEP Initiative (StEP, 
2011) 
 
E-Waste is a term used to cover almost all types of 
electrical and electronic equipment that has or could 
enter the waste stream. It includes almost any 
household or business item with circuitry or electrical 
components with power or battery supply. 
 
 
Australia (1800ewaste, 
2009) 
 
There is no specific definition of E-waste/ WEEE in 
law. It is generally referred to as all old technology, 
cluttering your home, garages and landfill, either in a 
state of disrepair, obsolete, or simply something that 
has been replaced by its newer, shinier model. 
 
 
USA (UNEP, 2007) 
 
According to USEPA, electronic products that are 
“near” or at the “end of their useful life” are referred 
to as “e-waste” or “e-scrap.” Recyclers prefer the 
term “e-scrap” since “waste” refers only to what is 
left after the product has been reused, recovered or 
recycled. 
 
Lehner (2011) 
e-waste as defined by North American legislation 
does not include large household goods, etc) 
 
e-scrap is the metal containing fraction from WEEE 
or e-waste sent/traded to specialised smelters for end-
processing. 
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The EU Directive has further classified electrical and electronic equipment into ten 
categories, as listed in Table 2.1.2.  According to Widmer (2005), categories 1 to 4 
constitute about 95% or more of WEEE generated and these four categories are those 
that most countries count in the total of WEEE they generate.   
 
Table 2.1.2. WEEE Categories according EU Directive (UNEP, 2007) 
No Category No Category 
1 Large household appliances 6 Electrical and electronic tools  
2 Small household appliances 7 Toys, leisure and sports equipment 
3 
IT and telecommunications 
equipment 
8 Medical devices  
4 Consumer equipment 9 Monitoring and control instruments 
5 Lighting equipment 10 Automatic dispensers 
 
  2.1.2 Growth of WEEE 
 
WEEE is a major emerging problem because the volume being generated is so large.  
In the European Union WEEE constitutes about 8% of municipal waste; in USA, it 
accounts for 1-3% of municipal waste, while in other developed countries it 
constitutes on average 2% of total solid waste.  Currently, available data on WEEE is 
limited and estimation techniques are required to predict the amount of WEEE 
generated globally. Estimation and comparison of the total amount of WEEE 
generated in various countries is made difficult because WEEE streams are not 
consistently defined and monitored (example Table 2.1.1).  Table 2.1.3 gives an 
estimation of global WEEE production, disposal, recovery, and import/export in 
2010. 
 
Table 2.1.3 shows some interesting points on WEEE flows in different countries: 
• in USA and Australia, more than half of WEEE produced is landfilled, stored, 
and incinerated and more than a quarter of WEEE produced is exported to 
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other countries. This is an environmentally unacceptable and unsustainable 
practice.  
 
• in India and Africa, the quantity of WEEE being landfilled, stored and 
incinerated is larger than that being produced.  This is because WEEE is being 
exported to these countries. 
 
• in the EU-25 and Japan, the amount of WEEE being landfilled, stored and 
incinerated is small compared to that being produced.   
 
 
Table 2.1.3. Global WEEE production, disposal, recovery, and import/export 
estimates in millions of tonnes in 2010 (Pink B. (Australian Bureau 
Statistics), 2010, Zoeteman et al., 2010) 
Country 
Annual 
household  
production  
landfilling, 
storage, & 
incineration 
domestic 
recovery  
annual 
export  
annual 
import  
USA 8.4 5.7 0.42 2.3 - 
EU-25 8.9 1.4 5.9 1.6 - 
Japan 4.0 0.6 2.8 0.59 - 
China 5.7 4.1 4.2 - 2.6 
India 0.66 0.95 0.68 - 0.97 
West Africa 0.07 0.47 0.21 - 0.61 
Australia 1.02 0.49 na na na 
Thailand 0.06 na na na na 
Total 28.8 13.7 14.2 4.49 4.18 
 
 
The global WEEE generation rate is accelerating quickly due to market growth for 
these technologies.  The market is far from saturated and as the world shifts to the  
so- called “digital divide” WEEE grows exponentially because the market for those 
products is booming (Kuehr, 2010).  Cui & Forssberg (2003) stated that in Europe, 
the production of electrical and electronic equipment is one of the fastest growing 
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business sectors.  Another reason that the WEEE generation rate is growing so 
quickly is that rapid innovation is making the lifespan of these digital products 
shorter, and this is especially true for information communication technology (ICT) 
products and office equipment, flat screen televisions and computer monitors.  As an 
example, the growth rate of ICT demand in China was 22% between 2000 and 2005 
and the lifespan of computer CPUs in 1997 was 4 – 6 years but by 2005 it had 
dropped to only 2 years (Culver, 2005).  High demand for electrical products also 
leads to lower prices for many electrical goods, which increases global sales for these 
products (Kuehr, 2010).   
 
As a result of the above issues, in the European Union the growth rate of WEEE is 
about five times as fast as the general municipal waste growth rates, with WEEE 
generation growing at a rate 3-5% per year (Widmer et al., 2005).  In Australia 
WEEE is growing at about three times the municipal waste rate.  In countries like 
China and India WEEE is growing at an exponential pace due to increasing “market 
penetration” and the “high obsolescence rate” of electronic products (UNEP, 2007).  
 
  2.1.3 Composition of WEEE 
 
WEEE is a heterogeneous combination of non-metallic materials such as plastics, 
rubber, wood, ceramics and glass, and metallic materials, both ferrous and  
non-ferrous.  An example of WEEE is a personal desktop computer, whose typical 
composition is shown in Table 2.1.4.  A personal desktop computer is taken as an 
example because it contains printed wire boards (PWBs) which have the most 
complex mix of substances (Schluep et al., 2009). WEEE comprises more than just 
personal computers so the typical composition of WEEE is different to that of a 
personal desktop computer. Unfortunately there are very limited resources detailing 
the composition of WEEE so generalisations have to be resorted to.  WEEE is said 
(EMPA, 2009, Babu et al., 2007) to contain; 
 
• 65-70 wt% of metals, 
• 19-21 wt% of plastics and 
• 5 wt% glass. 
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Table 2.1.4. Composition of a Personal Desktop Computer (EMPA, 2009) 
Constituent 
Substances 
Composition  
(%) 
Constituent 
Substances 
Composition  
(ppm) 
Constituent 
Substances 
Composition  
(ppm) 
Silica 24.9 Manganese 300 Mercury 20 
Plastics 23.0 Silver 200 Germanium 20 
Iron 20.5 Tantalum 200 Indium 20 
Aluminium 14.2 Beryllium 200 Gold 20 
Copper 6.9 Titanium 200 Ruthenium 20 
Lead 6.3 Cobalt 200 Selenium 20 
Zinc 2.2 Antimony 90 Gallium 10 
Tin 1.0 Cadmium 90 Arsernic 10 
Nickel 0.85 Bismuth 60   
Barium 0.03 Chromium 60     
 
 
Steel comprises almost a half of the mass of WEEE and non-ferrous metals make up 
about 13% of European Union WEEE.  WEEE may contain more than 60 different 
substances, including 40 elements from the Periodic Table.  The non-ferrous elements 
in WEEE can be divided (Wilkinson et al., 2001) into; 
 
• those that are “valuable” e.g. copper, gold, silver, platinum, tin, & indium, and  
 
• those that are “hazardous” e.g. lead, cadmium, arsenic, and mercury  
 
The non-metallic components, mostly plastic, contain flame retardants which are 
often bromine and antimony compounds which are also hazardous.   
 
The composition of WEEE also changes from source to source and over relatively 
short time periods from any given source.  However, some general observations can 
be made (Babu et al., 2007, Hagelüken and Kerckhoven, 2006, Brusselaers et al., 
2006);  
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• “brown goods”, which are light electronic household appliances such as 
televisions, DVD players and computers, contain a high percentage of 
valuable metals,  
 
• “white goods”, which are major household electrical appliances such as 
refrigerators, stoves, and dishwashers contain much less valuable metals than 
brown goods, 
 
• commercial IT and telecommunication systems usually contain a higher 
percentage of valuable metals than both brown and white goods, 
 
• older equipment contains a higher proportion of valuable elements than 
modern equipment, but unfortunately also contains higher concentrations of 
hazardous substances. 
 
  2.1.4 Disposal of WEEE 
 
It has already been noted on Table 2.1.3 that, currently, WEEE has the following 
destinations; 
 
• storage in homes or warehouses, 
• disposal in municipal landfill sites, 
• incineration in municipal solid waste disposal facilities, 
• illegal export into regions with inappropriate recycling systems, and 
• returned to the manufacturer or recycling facilities to be  recycled.  
 
The UNEP reported that in USA consumers have two to three obsolete computers 
stored in their homes awaiting eventual disposal.  Storage is clearly not a final 
destination for WEEE.   
 
The cheapest way to deal with WEEE is to dispose of it in landfill close to the source 
of supply.  Landfilling of WEEE has a negative impact on the environment from the 
leaching of harmful substances into the water table.  Landfilling WEEE is also 
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contrary to the principles of sustainability in that it takes metals out of the materials 
cycle, so many countries have started to construct legislation to reduce WEEE 
disposal to landfills (Zoeteman et al., 2010).  Although it has been argued that 
landfilling WEEE makes landfills the “mines of the future”, the carryover of 
impurities, the wide dispersal of metals and their dilution makes it almost impossible 
to recover them (Reuter et al., 2005).  As a result, land-filling shortens the remaining 
years of availability of metals and worsens the rates of resource depletion of these 
metals.  In USA in 2005 about 78% of WEEE was landfilled, while 20% was 
recycled and 2% was incinerated.  In Germany, separate collection of WEEE is 
required and public collection points for WEEE are available free of charge, but 
WEEE is still often disposed of together with municipal waste (Elektrogesetz, 2010).  
Chancerel (2010) reported that less than 60% of WEEE was actually collected and 
directed into recycling.    
 
Another way to dispose of WEEE is to export it to developing countries.  This 
happens because environmental and occupational regulations are not well enforced in 
some developing countries and the labour costs are much lower than in industrialised 
countries.  Although exporting WEEE may be cost effective, it is dangerous due to 
the toxic nature of WEEE and is therefore subject to legislation.  An example of an 
international agreement to control the movement and reduce the transfer of hazardous 
wastes across national borders is the ‘Basel Convention’, which came into force in 
1992 (Babu et al., 2007, Zoeteman et al., 2010).   The Convention puts an obligation 
on exporting countries to ensure that the waste can be appropriately managed in the 
importing countries.  In 1994 there was a consensus for a total ban on all exports of 
hazardous wastes from rich OECD (Organization for Economic Cooperation and 
Development) countries to non-OECD countries.  This consensus, the Basel Ban, was 
to come into force in December 1997, however many countries and businesses 
continue to sabotage and avoid this agreement (Puckett, 1997) and by 2005 the Basel 
Ban Amendment had still not come into force (UNEP, 2005).  Despite these laws and 
global agreements, some countries still ship and dump hazardous waste illegally to 
third world countries.  The United States, one of the non-ratifying countries, ships  
50% to 80% of their WEEE to destinations like China (Puckett et al., 2002).  Recently 
there was a shipment of used lead acid batteries and cathode ray tube monitors from 
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Canada to HongKong and China by the Jieyang Sigma Metal Plastic Incorporation.  
The company was fined only $30,000 for this breach (Canada NewsWire, 2011). 
 
The only way to address the sustainability problem resulting from the landfilling of 
WEEE is to implement a system for recycling and reprocessing.  In order for 
recycling or reprocessing to be practiced, WEEE has to be collected.  The Extended 
Producer Responsibility (EPR) is an environmental protection strategy to reach the 
environmental objective of a decreased total impact from a product by making the 
manufacturer of the product responsible for its entire life cycle, especially for taking 
back, recycling, and final disposal of the product (Lindhqvist, 2000).   
 
Recycling metals from WEEE can reduce the amount of primary ores that must be 
mined and processed and so conserves scarce resources.  Mining primary metals, 
especially for precious metals where the metals concentration is low, uses 
considerable amounts of land for mining, creates waste water and sulphur dioxide 
(SO2), consumes a large amount of energy and creates large carbon dioxide (CO2) 
emissions.  Reprocessing WEEE can minimise the potential harm to humans and/or 
the environment.  The leakage and emission of toxic elements is minimised by 
bringing WEEE back into the metals cycle.  Moreover, WEEE reprocessing provides 
the opportunity to reduce overall energy consumption due to metals essentially only 
having to be remelted.   
 
CO2 emission produced annually to produce WEEE metals is a total of 23.4 million 
tonnes per annum.  This total value does not include CO2 emissions from other metals 
used in electrical and electronic equipment like steel, nickel, aluminium or the CO2 
emissions arising from the manufacturing of the equipment.  Previous research by 
Hageluken (2008) showed that recovering metals by recycling generates less CO2 
emissions.  As an example, the production of 1 kg of aluminium by recycling uses 
1/10 of the energy required for its primary production. It also prevents the creation of 
1.3 kg red mud residue from bauxite processing, 2 kg of CO2 emissions, and 0.011 kg 
of SO2 emissions. 
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  2.1.5 Health and Environmental Hazards 
 
The amounts of toxic elements in WEEE are usually beyond the threshold quantities 
specified in legislation.  As a result, WEEE is officially classified as a hazardous 
waste and if it is disposed of without any controls, it will have negative impacts on 
the environment and on human health (Puckett et al., 2002).   
 
The landfilling and incineration of WEEE causes the leakage and emission of toxic 
elements to the environment.  Puckett (2002) reported that 70% of heavy metals in 
US landfills comes from WEEE while Rotter (2002) reported that about 47% of lead, 
50% of cadmium and 31% of mercury in municipal waste is from WEEE.   Previous 
research by Brigden (2005) and Puckett (2002) on the impact of WEEE on the 
environment states that landfilling cathode ray tubes (CRTs) causes leaching of lead 
and other heavy metals into ground water and incinerating WEEE, which contains 
brominated flame retardants, creates dangerous dioxins and furans emissions.  Other 
materials that can create problems during incineration are arsenic, asbestos and nickel 
because these substances may act as catalysts to increase the formation of dioxins 
(UNEP, 2007).  UNEP (2007) also reported that river pollution in China from 
excessive releases of metals such as arsenic, chromium, silver, cadmium and lead 
from WEEE may cause brain damage, allergic reactions and cancer, and soil pollution 
by polycyclic aromatic hydrocarbons (PAH) may cause difficulty in reproduction, 
birth defects, cancer, liver, and skin diseases.  Furthermore, they also reported on air 
pollution near a WEEE disposal site where there were dioxin concentrations  
15-56 times higher than the WHO recommended maximum.  Thus, landfilling WEEE 
as part of municipal waste and incinerating WEEE is environmentally unacceptable 
and unsustainable.   
 
  2.1.6 WEEE as a Resource 
 
WEEE is potentially an excellent resource for a wide range of materials.  However, 
landfilling of WEEE results in the dissipation of valuable non-renewable metals so 
that they cannot be easily recovered and returned to the materials cycle. This 
increases the rates of resource depletion. Recovering valuable metals from WEEE 
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through reprocessing is necessary for increasing the sustainability of the world’s 
increasingly scarce metal resources.   
 
Some metals are present in WEEE at higher concentration (10-100 ppm) than they are 
in typical ores (1-10 ppm) and they are easier and cheaper to access, compared to 
mining ores, if a collection system is in place.  For example, one tonne of phone 
handsets without the battery contains 130 kg of copper, 3.5 kg of silver, 0.34 kg of 
gold, and 0.14 kg of palladium.  A typical personal computer (PC) or laptop contains 
500 g of copper, 1000 mg of silver, 220 mg of gold, and 80 mg of palladium per 
tonne.  Furthermore, a Li-ion mobile phone battery contains 3.8 g of cobalt and a 
PC/laptop battery contains 65 g of cobalt.  Although these amounts seem small, a 
huge number of units are sold, i.e. 1.2 billion mobile phones in 2007 and 255 million 
PC/laptop computers in 2007, so the amount of contained metals is very significant.  
They are equivalent to 15% of annual world mine production of cobalt, 13% of 
palladium, 3% of gold and silver and 1% of copper (StEP, 2011, Schluep et al., 
2009).  The growth rates of other electronic devices such as liquid crystal displays 
(LCDs) and televisions, electrical and electronic devices are a major driver of the 
demand for, and prices of, some metals.  For example, copper used for cables and 
wires and tin used for solders make up about 30% of the world’s demand of these 
metals, while indium used for LCD glass, solder, transparent conductive layers, and 
semiconductors makes up almost 80% of the world’s demand for indium.  The 
monetary value of the annual demand by electrical and electronic equipment for 
metals represents USD 45 billion based on 2007 average prices (Schluep et al., 2009).   
 
It is clear that WEEE represents a source of valuable metals that is easier to access 
than ore in the earth’s crust, and has a higher grade of many of these metals than are 
found in most ores.  If unrecovered, WEEE is a sink for many scarce metals that will 
lead to their early depletion so WEEE reprocessing for their recovery is essential. 
 
2.2. Current Treatment of WEEE 
 
In order to realise the opportunities associated with WEEE, an appropriate recycling 
chain system including collection, dismantling/preprocessing, and metal 
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recycling/end processing is required.  The efficiency of the recycling chain system 
depends on how well each step is managed.   
 
The first step, collection, is obviously important because it determines the amount of 
the material that is available for recycling.  Dismantling/preprocessing through 
mechanical separation is necessary to liberate and concentrate the valuable metals.  
Preprocessing is also important to remove and to safely treat hazardous substances 
(Hagelüken and Kerckhoven, 2006).  The various fractions obtained from the 
preprocessing stage are enriched in certain materials.  These fractions are then 
directed to further treatment by appropriate pyrometallurgical or hydrometallurgical 
methods.  The preprocessing stage is not always required, for example small and 
complex electronic devices like mobile phones and MP3 players can be treated 
directly by metal recycling/final processing after the removal of the battery and 
device housing.   
 
Pyrometallurgical processes include incineration, smelting, melting and reactions in a 
gas phase at high temperatures.  In these processes the WEEE is charged to a furnace 
or a molten bath and the refractory oxides form a slag phase together with some metal 
oxides (Cui and Zhang, 2008). The valuable metals report to the molten metal.   
Hydrometallurgical treatment includes acid or caustic leaching of solid material, 
isolating and concentrating the metal of interest by solvent extraction, precipitation, 
cementation, ion exchange, filtration and distillation (Antrekowitsch et al., 2006).  
 
Each of these treatment methods has advantages and disadvantages.  
With pyrometallurgical treatment, often more than one metal can be obtained and 
there is no problem dealing with composite materials because they are burnt in the 
furnace or in a molten bath during the melting process.  However, the disadvantages 
of pyrometallurgical processes include the generation of waste gases and flue dusts 
which contain toxic elements, although an offgas handling system can be used to 
overcome this issue.  Pyrometallurgical processes also only achieve a partial 
separation of metals (Cui and Zhang, 2008). Another disadvantage is that noble 
metals stay for a long time in the process and are only recovered at the end, so the 
realisation of their value is delayed and their investment value is decreased.  Also, 
less noble metals like aluminium and iron cannot be directly recovered with these 
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processes as they are transferred into the slag.  Hydrometallurgy processes lead to 
high purity metals and provide the possibility to selectively leach metals using 
different solvents. The disadvantages of hydrometallurgy methods are the high 
volumes of leach solutions, which are often corrosive and toxic, and also high 
volumes of waste water.  Another disadvantage is that there are increased metal losses 
when complex composite materials are treated (Antrekowitsch et al., 2006).  
 
Nowadays WEEE treatment to recover valuable metals is dominated by 
pyrometallurgical methods (Antrekowitsch et al., 2006).  The outputs from the 
pretreatment stage are directed to three main destinations; 
 
• steel plants take the ferrous fractions for the recovery of iron,  
• secondary aluminium producers take the aluminium fractions, and  
• integrated non-ferrous metals smelters takes copper/lead fractions, circuit 
boards, and other fractions containing precious metals.   
 
Both copper and lead are the main elements found in WEEE after preprocessing,  
so WEEE can be best be sent to an integrated smelter that accepts mostly lead scrap, 
or copper scrap.  A copper smelter has many inherent advantages over a lead smelter; 
 
• a copper smelter produces much less toxic fumes than a lead smelter, so a 
smelter sited near the population centres which provide WEEE is more 
environmentally and socially acceptable when it is based on copper recycling, 
 
• recovery of precious metals from copper is convenient because 
electrorefining, which will always be needed to produce saleable copper, 
concentrates the precious metals in anode slime, from which they are readily 
recovered.  Lead electrorefining is possible, although it uses a very corrosive 
electrolyte, but lead is usually refined by multistep pyrometallurgical methods 
which are accompanied by toxic fume emissions, 
 
• lead scrap will mostly comprise used lead-acid batteries which contain lead 
sulphate.  Smelting batteries is complex, uses fluxes like sodium carbonate 
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and produces environmentally hazardous solid waste products.  However, the 
lead produced can be directly recycled to battery manufacturers.  Adding 
WEEE would force the secondary lead smelter to refine the lead, and so 
greatly increase their costs. 
 
2.3. Reprocessing of WEEE with Copper Materials 
 
WEEE can conveniently be fed into primary or secondary copper smelters, along with 
the copper-bearing raw materials.   
 
Primary copper smelters are usually located far from large cities while WEEE 
originates almost entirely in those cities.  The long distance between cities and 
primary smelters, and the cost of transporting the WEEE, reduces the economic 
attractiveness of processing WEEE in the primary smelter.  Australia is especially 
affected by this problem because it has a small population spread over a very large 
area and its two primary smelters are in very remote locations.  Moreover, BHP 
Billiton’s Roxby Downs smelter is a direct-to-blister flash smelting operation which 
cannot process much scrap due to the nature of the smelting process.  Xstrata’s Mt. 
Isa smelter could consume WEEE in their Peirce-Smith converters but it is 1800 km 
from the nearest large city and, in any case, will be closed in early 2016 (Schwarten, 
2011). 
 
Where a smelter is in close proximity to population centres then WEEE can be 
economically fed in to the process at the converting stage.  Xstrata’s Horne Smelter in 
Rouyn-Noranda, Quebec, is a good example.  It is located close to Ottawa, Toronto 
and Montreal – and also not far from the major cities in the USA north-east like 
Chicago and New York - and has become the world's largest processor of WEEE.  
The valuable metals in WEEE report to the copper anodes, which are shipped to 
Montreal for electrorefining and recovery of those precious metals (Xstrata Copper, 
2011). 
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Secondary copper smelters, which process copper-bearing scrap, have a significant 
advantage in that they can be co-located with large population centres and are 
economic at much smaller throughputs than primary smelters.  They can process a 
wide variety of copper-bearing wastes, including WEEE, and produce refined copper 
together with precious metals, base metals and other specialty metals.  They can 
operate in one of two processing styles; 
 
• a sulphur-based route, where copper matte is formed, and then converted, and  
 
• a black copper route, where reduction produces crude copper which is then 
refined by oxidation in a converter. 
 
The two processes routes will be explained further in Section 3.1. 
 
A good example of secondary copper smelting is Umicore at Hoboken Belgium.  
Umicore is one of the world’s largest precious metal recycling facilities.  In 2005 
Umicore invested heavily in a new metallurgical operation whose focus shifted from 
concentrates as feed to recyclable materials.  Hageluken (2005) said that the 
innovative plant increased productivity, had greater efficiency and maximised metal 
recovery rates.   
 
Another good example of a secondary copper smelting operation is that which is 
located at Boliden’s Ronnskar Smelter near Skelleftea in Northern Sweden.  Sweden 
is a developed and densely populated country and a strong connection with the 
domestic market gives Ronnskar Smelter access to WEEE which has experienced 
minimum transport.  Recycling WEEE provides a higher margin of profitability 
compared to traditional copper production (BOLIDEN AB, 2011).   
 
More example of a secondary copper smelter are Kayser recycling system operated 
by Aurubis Lunen and Montanwerke Brixlegg AG smelter in Austria.  Kayser 
recycling system is able to process materials with low copper, precious metal 
contents, and complex materials (AURUBIS, 2011). 
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Metallo-Chimique N.V. operate a secondary smelter at Beerse in Belgium and a 
smaller smelter at Vizcaya in Spain which produces only black copper granules and 
ships it to Beerse for further refining (METALLO, 2011).  
 
2.4. Conclusions Literature Review 1 
 
The amount of WEEE being generated is already large, and is increasing rapidly.   
The disposal of WEEE into landfill is no longer acceptable in most countries because 
WEEE contains toxic materials which cause environmental damage when they leach 
from landfill.  However, WEEE contains significant amounts of valuable metals and 
thus represents a potential resource for these metals.  Recycling WEEE reduces the 
amount of primary ores that must be mined and processed and so conserves 
increasingly scarce resources.  It also reduces overall energy consumption because 
recycling consumes less energy than primary smelting.  WEEE reprocessing is 
currently dominated by pyrometallurgical methods.  An attractive option for 
reprocessing WEEE is to add it to the feed of a secondary copper smelter, which 
provides advantage in terms of location and economically. 
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3. Literature Review 2 
 
3.1. Secondary Copper Smelting 
 
One attractive option for reprocessing WEEE to recover valuable metals is to add it to 
the feed to a secondary copper smelter.  Primary copper smelters deal with 
concentrates in which impurities like sulphur and iron are removed by oxidation due 
to their greater affinity for oxygen.  Most other impurities, such as lead, arsenic and 
antimony are only present in relatively low contents.   Secondary copper smelters deal 
with highly contaminated copper scrap in which impurities like iron, zinc, lead and 
tin are present in significant amounts, totalling up to more than 30% of the feed.  The 
complexity of the feed makes refining expensive and difficult (Kryczun and Melcher, 
1978). 
 
Secondary copper smelters cope with the complexity of their feeds by operating in 
one of two distinct processing styles;  
 
• they can utilise a sulphur-source to produce a copper matte and a slag.  Lead 
in the feed will report to the slag, from which it is recovered by reduction e.g. 
in a blast furnace.  The copper matte is then converted to copper.  During 
converting, elements distribute between the fume, slag and copper.  This 
method has the advantage of quickly separating precious metals from base 
metals and it provides a number of separation opportunities for minor metals. 
It has the disadvantage of producing sulphur dioxide in the waste gases and 
this requires sulphur capture facilities e.g. a sulphuric acid plant.  This method 
is typified by the Umicore plant near Antwerp in Belgium (Vanbellen and 
Chintinne, 2007), 
 
• they can accept metallic copper scrap and oxidic copper drosses etc. and 
reduce them with carbon to impure “black” copper, followed by oxidation of 
the black copper to remove many of the impurities as shown in Figure 3.1.1.  
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This is the  most popular method and is practiced by the Montanwerke 
Brixlegg AG smelter in Austria (Woerz and Wallner, 1988), Boliden’s 
Ronnskar Smelter in Northern Sweden and the Aurubis Lünen smelter in 
Germany (AURUBIS, 2011).  If mostly metallic copper scrap is available, 
with very little oxide materials, then the reduction and oxidation stages can be 
reversed. 
 
 
 
Figure 3.1.1. Simplified flowsheet of the black copper smelter.  
 
 
Table 2.1.4 shows that typical WEEE does not contain sulphur so the first method 
based on sulphur chemistry requires a sulphur-bearing material in the inputs.   
The second method, the black copper route, can take the normal scrap composition 
which consists mostly of metals and metal oxides and so it is the preferred method.  
An advantage of secondary copper smelting is also that it can be adapted to suit the 
type of scrap available. 
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The black copper process can be carried out in two variations of process; 
 
• oxidation followed by reduction 
 
This process is known as the ‘Knudsen’ process and was patented in 1915. It is 
suitable for processing high grade copper scrap which contains little oxidic material.  
The metallic scrap may be copper, brass, bronze or gun metal and so it contains a 
significant amount of zinc, tin and nickel.  The scrap is first oxidised in a converter 
with coke and iron scrap (but no silica) by air blowing.  There are oxidising 
conditions at the tuyeres so zinc, and then tin and nickel, are oxidised from the 
copper.  At the surface conditions are more reducing due to the presence of carbon 
and this leads to the volatilisation of zinc.  The addition of iron scrap is unusual, but 
has three functions; to reduce copper from slag because the Gibbs free energy of 
formation of FeO is much lower than that of Cu2O, to provide heat energy because 
the reduction reaction is exothermic and to lower the slag liquidus temperature.  The 
copper-rich slag is processed by reduction in a blast furnace to yield black copper.  
Finally, the black copper is further oxidised and cast into anodes for electrorefining 
(European Commission, 2009).  The Knudsen process is rarely employed because it is 
now very uncommon to have oxide-free materials as feed. 
 
• reduction followed by oxidation 
 
The “reverse Knudsen” process is suited for smelting a wide variety of secondary 
materials containing copper.  The feed into the first stage is typically highly oxidised, 
having a large proportion of dross material, and so it requires reduction to metallic 
copper.  This takes place in a blast furnace with coke as the reductant.  In this stage 
zinc, lead and tin are vaporised as elements, then oxidised in the gas phase and 
discharged with furnace off gases.  The product is black copper, which still contains 
impurities such as iron, lead and tin.  In the second stage, oxygen enriched air is 
blown through the molten black copper in a converter and the impurities undergo 
oxidation.  Iron and part of the lead and tin are absorbed by slag.  Some of the lead 
and tin are volatilised and discharged into the gas cleaning plant (Rentz et al., 1999, 
European Commission, 2009).  
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An important factor in determining the recoveries of valuable metals like tin is the 
way in which they distribute between the black copper and the slag.  These 
distributions are affected by the composition of the slag.  The reduction slag from the 
blast furnace slag is complex, but if only the major components, SiO2, CaO and FeO, 
are considered then a typical blast furnace slag composition in the CaO-SiO2-FeO 
system is as shown on Figure 3.1.2.  Also given on this figure are the iso-activity 
coefficient curves for SnO (Yazawa, 1994). 
 
 
Figure 3.1.2. Activity coefficients of SnO in CaO-SiO2-FeOx slags (Yazawa, 1994). 
 
It can be seen that adding CaO to an iron silicate slag raises the activity coefficient of 
SnO and so reduces losses of tin to the discard slag.  Raising the CaO content even 
further is even more beneficial in reducing tin losses to slag, although it also increases 
the slag volume and energy consumption.  Slags which lie along the CaO/SiO2 = 1 
line and have liquidus temperatures below 1200 °C are termed “olivine slags” and 
have been investigated for use in copper matte smelting (Vartiainen and Kyto, 2002).  
They have also been proposed for Ausmelt C3 continuous copper converting 
(Matusewicz and Sofra, 2005).  
 
Choice of slag composition is important to the success of a smelting operation.  The 
different slags which could be used are discussed in the next subchapter, Section 3.2.  
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3.2. Copper Smelting Slags 
 
Traditionally the most commonly used slag in copper smelting is iron silicate slag.  
However, iron silicate slag has drawbacks, for example a poor ability to remove 
impurities with acidic oxides.  In the 1980s Mitsubishi introduced calcium ferrite slag   
for their continuous copper converting process.  While it has the ability to absorb 
acidic oxides, it is poor at absorbing basic oxides.  As a result, in the late 1990s a new 
type of slag, ferrous calcium silicate (FCS) slag was proposed to solve the weak 
points of iron silicate and calcium ferrite slags.  In the following sections the phase 
equilibria and other properties of these three slag system will be reviewed. 
 
  3.2.1 Iron Silicate Slag 
 
Historically most primary copper sulphide smelting, copper converting, and direct-to-
blister smelting processes have used iron silicate slag (often called “fayalite slag”) 
which belongs to the FeO-Fe2O3-SiO2 system.  It can also be regarded as belonging to 
the binary FeOx-SiO2 system (Hidayat et al., 2011).  In terms of copper converting, 
iron silicate slag is used in Peirce-Smith converters, the Noranda process reactor and 
other rotating vessels.  Figure 3.2.1 shows the liquidus region of iron silicate slag 
(dashed lines) at 1300 °C, together with iso-equilibrium oxygen potential lines.   
 
 
Figure 3.2.1. Liquidus region and iso-equilibrium oxygen partial pressure (pO2) lines 
at 1300 °C for the system of FeO-Fe2O3-SiO2 (dashed lines) and  
FeO-Fe2O3-CaO (solid lines) (Yazawa et al., 1981).   
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There are advantages and disadvantages associated with using iron silicate slag in 
copper smelting processes.  Iron silicate slag has a good ability to absorb basic 
oxides, such as lead oxide, due to the presence of silica in the slag which makes the 
slag acidic (Swinbourne, 2004).  Figure 3.2.1 also shows that iron silicate slag, at any 
given oxygen partial pressure (pO2) has a low Fe3+/Fe2+ ratio.  Kaur (2007) showed 
that this low Fe3+/Fe2+ ratio gives iron silicate slag another advantage in that it attacks 
magnesia chrome refractories to a very small extent. 
 
Iron silicate slag also has drawbacks, which include a poor ability to remove 
impurities with acidic oxides such as arsenic, phosphorus, and antimony from copper.  
These elements have a negative impact on copper quality.  Iron silicate slag is also 
relatively viscous, and so it has a high tendency to foam (Ausmelt, 2006).   
Figure 3.2.1 also shows that the homogeneous liquidus region for iron silicate slag is 
small.  The lines mk, ki, ic, and cm in Figure 3.2.1 represent iron silicate slag in 
equilibrium with solid iron, wustite, magnetite, and silica respectively.  It is clear that, 
at 1300 °C for iron silicate slag, if the oxygen partial pressure is above 10-6 atm then 
solid magnetite precipitation will occur (Yazawa et al., 1981).  Another way to 
express this is that iron silicate slag aso has low holding capacity for magnetite 
(Fe3O4).  The formation of magnetite in copper smelting is a problem because the 
presence of magnetite crystals in slag increases its viscosity significantly.  This can 
slow down the slag tapping rate and trap droplets of copper, so raising copper losses 
into the slag (Yamaguchi et al., 2005, Swinbourne, 2004).  Since most continuous 
copper converting process operate at oxygen partial pressures between 10-6 atm and 
10-5 atm (Kaur, 2007), iron silicate slag is an unworkable slag for continuous copper 
converting. 
 
  3.2.2 Calcium Ferrite Slag 
 
The increasing need for continuous converting processes, and the unsuitability of iron 
silicate slag for them, has lead to the development of a new slag system in the 1980s 
by Mitsubishi.  The slag was named calcium ferrite (or lime ferrite) and belongs to 
the FeO-Fe2O3-CaO system (Kongoli et al., 2006).  Calcium ferrite slag has since 
been adopted for the Kennecott-Outotec flash converting process (Nikolic et al., 
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2008). Figure 3.2.1 shows the liquidus region of calcium ferrite slag (solid lines) at 
1300 °C, together with iso-equilibrium oxygen potential lines. 
 
Using calcium ferrite slag for copper processing offers several benefits.  The presence 
of lime increases the basicity of the slag and so calcium ferrite slag has a good ability 
to absorb acidic oxides (Yamaguchi et al., 2005).  Moreover, the activity coefficient 
of copper oxide is higher in it than it is in iron silicate slag, so dissolved copper losses 
are decreased (Swinbourne et al., 2009).  Calcium ferrite slag, as shown in  
Figure 3.2.1, has a much larger homogeneous liquid region than iron silicate slag.  
The lines OP, PV, VZ, OR, and RR’ represent calcium ferrite slag in equilibrium with 
solid iron, wustite, magnetite, lime, and dicalcium ferrite respectively.  It can be seen 
that at 1300 °C and a CaO content of about 20%, calcium ferrite slag remains liquid 
between oxygen partial pressures
 
of 10-11 atm and 1 atm (pure oxygen).  Calcium 
ferrite slag therefore avoids magnetite precipitation, so therefore experiences 
decreased copper entrainment losses to slag (Yazawa et al., 1981).   
 
Previous work (Nikolic et al., 2008, Swinbourne et al., 2009) has mentioned that 
calcium ferrite slag has a low viscosity, which offers both advantages and 
disadvantages.  The low viscosity allows calcium ferrite slag to flow easily, so rapid 
tapping from the furnace is easy.  It also reduces the likelihood of slag foaming.  
However a high fluidity, which means that dissolution products are more quickly 
transferred away from the refractory interface, combined with a high Fe3+/Fe2+ ratio 
makes this slag aggressive toward magnesia chrome refractories (Fahey et al., 2004).  
Finally, another drawback of calcium ferrite slag is its poor ability to absorb basic 
oxides like lead oxide (Yazawa et al., 1981). 
 
  3.2.3 Ferrous Calcium Silicate Slag 
 
The drawbacks associated with both iron silicate and calcium ferrite slags led to the 
development of a new slag named ferrous calcium silicate (or FCS) slag, whose main 
components are FeOx, CaO and SiO2.  This slag was predicted to have intermediate 
properties between iron silicate slag and calcium ferrite slag and so offer a good 
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balance for copper processing, as well as low levels of oxidic copper dissolution 
(Yazawa et al., 1999). 
 
FCS slags belong to the FeOx-SiO2-CaO system.  They are located on the tie line 
between FeOx and a composition a little more CaO-rich than CaO.SiO2.  The shaded 
region in Figure 3.2.2, between the line CC’ and saturation surface of dicalcium 
silicate corresponds to FCS slag (Yazawa et al., 1999).   
 
 
Figure 3.2.2. Liquid region in the FeOx-SiO2-CaO system at 1300 °C and the 
composition range for FCS slags (shaded) (Yazawa et al., 1999). 
 
As mentioned before, most continuous copper converting processes operate at oxygen 
partial pressures between 10-6 atm and 10-5 atm.  The effect of oxygen partial pressure
 
on the liquidus region of FCS slag is shown in Figure 3.2.3 where it can be seen that 
the liquidus region becomes wider as the oxygen partial pressure decreases.  The 
oxygen partial pressure greatly affects the magnetite saturation boundary, but has 
much less effect on the wollastonite, silica, and Ca2SiO4 saturation boundaries 
because these three saturating species do not contain ferrous iron (Fe2+) or ferric iron 
(Fe3+).  It also appears that at the higher oxygen partial pressures the liquidus region 
for FCS slag is impractically narrow.  However, previous research has proven that the 
presence of Cu2O increases the liquid region considerably (Kongoli et al., 2006).  It is 
shown in Figure 3.2.4 that when FCS slag is saturated with copper the workable 
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composition of FCS slag is much wider and becomes feasible for copper continuous 
converting processes and black copper smelting (Swinbourne et al., 2009).   
Kongoli et al. (2006) also showed that the liquidus region of FCS slag becomes wider 
as the temperature increases, as shown in Figure 3.2.5. 
 
 
Figure 3.2.3. The effect of oxygen partial pressure on the liquid region of FCS slag 
(Kongoli et al., 2006). 
 
Figure 3.2.4. The effect of Cu2O addition on the liquid region of FeOx-SiO2-CaO slag 
(Kongoli et al., 2006). 
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Figure 3.2.5. The effect of temperature on the liquid region of  
CaO-Fe2O3-SiO2-Cu2O slag saturated with blister copper (Kongoli 
et al., 2006). 
 
 
Clearly the temperature needs to be kept high during copper converting if FCS slag is 
to be used. 
 
The presence of both CaO and silica in FCS slag makes it able to absorb both acidic 
and basic oxides.  It was previously shown by Takeda (1994) that adding CaO to iron 
silicate slag increases the activity coefficient of copper oxide, and so can reduce the 
amount of dissolved copper loss.  The presence of CaO is also known to reduce slag 
viscosity, and so leads to easier slap tapping from the furnace and reduces the risk of 
slag foaming when compared to iron silicate slag.  Furthermore, it was shown by 
Kaur (2011) that FCS slag causes less refractory wear compared to calcium ferrite 
slag and it was suggested that this is because FCS slag has a lower surface tension 
and higher viscosity than calcium ferrite slag. 
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  3.2.4 Comparison of Copper Smelting Slags 
 
Table 3.2.1 summarises the properties of the three slags; iron silicate, calcium ferrite, 
and ferrous calcium silicate slag.  This table also summarises the drawbacks 
(underlined) and the advantages (bold) of each slag.  The terms (PbO), (FeS) and 
(Fe3O4) refer to the ability of the slag to absorb the species referred to.  It can be seen 
that ferrous calcium silicate slag gives has intermediate properties between iron 
silicate and calcium ferrite slag, and also gives an additional advantage of low oxidic 
copper dissolution. 
 
Table 3.2.1. Comparison of slag types for copper processes (Ausmelt, 2006, Yazawa 
et al., 1999).  
 Iron 
Silicate 
Calcium 
Ferrite 
Ferrous Calcium 
Silicate 
Viscosity High Low Medium 
Entrainment of Copper High Low Medium 
Neutral Oxide Holding Capacity Medium Medium Low 
Acidic Oxide Holding Capacity Low High High 
(PbO) High Low Medium 
(FeS) Low High High 
(Fe3O4) Low High Medium 
Tendency to Foam High Low Medium 
Slag Volume Medium Low Medium 
Refractory Wear Rate Medium High Medium 
Ease of Copper Recovery from 
Slag 
High Low High 
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3.3. Thermodynamics of Impurity distribution 
 
In order to maximise the recovery of valuable metals from WEEE during black 
copper smelting, it is essential to understand the thermodynamic properties of those 
metal oxides and thus their distribution between slag and copper.  This section 
discusses the thermodynamics of impurity distribution in relation to black copper 
smelting. 
 
The distribution of metals in the smelting process is affected by the composition of 
the slag used in the system, and also by the oxygen partial pressure and temperature.  
In a general sense, the nature of the major oxides in the slag determines the relative 
acidity or basicity of the slag.  The most common fluxes in copper smelting are SiO2, 
which is acidic, and CaO, which is basic, so iron silicate slags are acidic and calcium 
ferrite slags are basic.  Ferrous calcium silicate slag (FCS) contains both SiO2 and 
CaO so its acidity/basicity depends on the composition of the slag.  Acidic slags 
“attract” basic oxides, while basic slags “attract” acidic oxides.   
 
The distribution of a minor metal M between a metal and a slag can be described by 
the following equation; 
Equation 3.3.1 
 
The equilibrium constant, K for Equation 3.3.1 is expressed by the activity of the 
species involved and the prevailing oxygen partial pressure; 
Equation 3.3.2 
 
The activities can be expressed in terms of the concentrations of the species in their 
respective phases (in wt%) and their activity coefficients in those phases, as follows; 
 
Equation 3.3.3 
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Equation 3.3.4 
 
 
 
The above relationships are only true if the metal oxide is expressed in its monocation 
form. 
 
Substituting Equation 3.3.3 and Equation 3.3.4 to Equation 3.3.2 gives, 
 
Equation 3.3.5 
 
 
 
The distribution of metal M between slag and copper, LM s/m is defined as, 
 
Equation 3.3.6 
 
 
Where,  
MM : atomic weight of metal M 
NM : mole fraction of metal M  
( )  : represents the value in slag phase 
[ ]  : represents the value in metal phase 
nT : total number of moles of monocation constituents in 100 g in each phase 
γ  : activity coefficient 
2Op  : oxygen partial pressure 
 
Another benefit of expressing oxides in the monocation form is that Yazawa et al. (1983) 
showed that their activity coefficients remain close to constant over a large composition 
range, as shown in Figure 3.3.1.  They also showed showed that the total number of 
moles of species, nT in slag for typical non-ferrous smelting slags is similar in value i.e. 
1.48 per 100 g of slag, when the species are represented in monocation form.  This is 
shown in Figure 3.3.2. 
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Figure 3.3.1. Activity coefficients of oxides against the mole fraction of oxides in the 
slag at 1250 °C (Yazawa et al., 1983). 
  
 
Figure 3.3.2. Total Moles of constituents in 100 g of slag, matte, and metal phase 
(Yazawa et al., 1983) 
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Equation 3.3.6 shows that LM s/m is dependent on the value of the equilibrium 
constant, K, which is itself a function of temperature.  The value of K is calculated 
from the standard Gibbs free energy change for the oxide-forming reaction as shown 
in Equation 3.3.7.  
 
Equation 3.3.7 
 
 
 
The value of the activity coefficient of the metal oxide is a function of the interactions 
occurring between all species in the slag and is therefore affected by the slag 
composition.  Acidic metal oxides like AsO1.5 will have activity coefficients greater 
than unity in acidic slags while they will have activity coefficients much less than 
unity in basic slags.   The statement that “basic slags attract acidic oxides” is a 
general way of saying that the activity coefficient of the acidic oxide will be small in 
basic slags.   
 
The value of the activity coefficient of the metal in copper is a function of the 
interaction between the impurity and the copper.  The activity coefficient of M in the 
metal, γM, can be assumed constant when M is present in very small amounts, when it 
becomes the limiting activity coefficient γoM.   The limiting activity coefficients of 
metals in liquid copper are generally widely available in the literature.  Metals that 
form intermetallic compounds with copper, such as arsenic, will have very small 
limiting activity coefficients while those that form miscibility gaps or show solid 
immiscibility in the molten phase, such as lead, will have limiting activity coefficients 
greater than unity. 
 
The value of “υ” in Equation 3.3.1 can be determined in a way first described by 
Yazawa (1984) which involves measuring LM s/m, as a function of the oxygen partial 
pressure at constant temperature.  The activity coefficients can be assumed constant 
when the concentrations of M in the metal and MOυ in the slag are small.  Taking 
logarithms of both sides in Equation 3.3.6 then gives, 
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Plotting the logarithm of LMs/m against the logarithm of the oxygen partial pressure 
will give a linear relationship with a slope of υ/2, which indicates the oxidation state 
of the dissolves species distributed in the slag.  Yazawa et al. (1983) reported 
distribution equilibria of various elements between slag and liquid copper plotted as a 
function of oxygen potential, as shown in Figure 3.3.3 and Figure 3.3.4. 
 
 
 
Figure 3.3.3. Distribution ratios of Co, Sn, Sb, and As between slag and liquid copper 
in sulphur free system at 1250 °C (Yazawa et al., 1983). 
Solid lines: calcium ferrite slag,  Dashed lines: iron silicate slag 
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Figure 3.3.4. Distribution ratios of Zn, Pb, Cu, Bi, and Ag between slag and liquid 
copper in sulphur free system at 1250 °C (Yazawa et al., 1983). 
Solid lines: calcium ferrite slag,  Dashed lines: iron silicate slag 
 
 
It can be seen that for any individual metal, the position of the line varies for iron 
silicate slag and calcium ferrite slag.  Lead has a basic oxide so the line for calcium 
ferrite lies below that of iron silicate slag.  Arsenic has an acidic oxide so the line for 
calcium ferrite slag lies above that for iron silicate slag.  Cobalt, copper and bismuth 
have lines that are almost coincident, reflecting that their oxides are “neutral”.   
The slope of the two lines for any given metal does not depend on the type of slag, 
since the oxidation state of the metal is a function of oxygen partial pressure only. 
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On Figure 3.3.3 the line for tin distributing between copper and calcium ferrite slag is 
unique in showing a change in slope at an oxygen partial pressure of 10-9 atm to  
10-8 atm.  This reflects a change in the oxidation state of tin and will be explained 
further in Section 3.4.2.  
 
Rearranging Equation 3.3.6 allows the activity coefficient of the metal oxide in slag, 
γMOυ, to be calculated (Equation 3.3.9). 
 
Equation 3.3.9 
 
 
The activity coefficient of M in the metal, γM, can be assumed constant when M is 
present in very small amounts, when it becomes the limiting activity coefficient γoM.   
The limiting activity coefficients of metals in liquid copper are generally widely 
available in the literature. 
 
3.4. Distribution Behaviour of Tin 
 
  3.4.1 Distribution Data from Literature 
 
Tin is in WEEE as a component of solder for metal joining, on printed wire boards 
(PWB), in bearing alloys and as protective coating of other metals (USGS, 2010).  In 
this work, a Personal Desktop Computer is representative of WEEE because it 
contains the most complex mix of substances.  Personal desktop computers typically 
contain approximately 1 wt% Sn (Silicon Valley Toxics Coalition, 2007).  
 
Tin in a relatively scarce element.  In the earth’s crust tin averages about 2 ppm 
compared to 14 ppm for lead, 50 ppm for copper and 75 ppm for zinc (Emsley, 2001).  
Although the price is very unstable, tin can be considered a valuable metal.  The price 
reached US$32,000 per tonne in early 2011, but in January 2012 the price had 
dropped to about US$20,000 per tonne (MetalPrices.com, 2012).   
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Figure 3.4.1. Tin price (values are stated in $/kg) (MetalPrices.com, 2012). 
 
In the black copper smelting process, tin is expected to distribute between gas as well 
as slag and metal because SnO is relatively volatile.  During the second converting 
stage of black copper smelting it is desired to eliminate tin by fuming to the offgas, 
but at the expected oxygen partial pressure tin will be present as involatile SnO2.  
Coke is therefore added to reduce the oxygen partial pressure locally in the slag so 
that SnO2 is reduced to the much more volatile SnO.  Lead oxide also volatilises so 
the final fume is often collected and then reduced to lead-tin alloys, with the slag 
being recycled to the primary reduction stage.  Finally, blister copper is further 
oxidised in an anode furnace and cast into anodes for electrorefining.  
 
Montanwerke Brixlegg have published enough mass balance data to enable the tin 
distribution during industrial practice to be calculated.  The process used at Brixlegg 
is the usual variant of black copper smelting, starting with reduction in a blast 
furnace, followed by oxidation in a converter.  The calculated tin distribution at each 
phase of processing is summarised in Table 3.4.1 (Woerz and Wallner, 1988).   
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Table 3.4.1. Tin distribution between phases at the Montanwerke Brixlegg smelter 
(Woerz and Wallner, 1988). 
 Tin Distribution 
 Metal Slag Fume 
Blast furnace 70% 27% 3% 
Converter 8% 49% 43% 
Anode furnace 28% 65% 7% 
 
  3.4.2 Tin Speciation in Slags 
 
Tin may potentially dissolve in slag in three different forms, the monoatomic gaseous 
form Sn° and oxidic forms SnO and SnO2 (Nagamori and Mackey, 1977).  The slope 
of the plot between log distribution ratio and log oxygen partial pressure can be used 
to determine in which form tin dissolves in slag.  The equation of that linear plot is 
denoted by Equation 3.4.1.   
 
Equation 3.4.1 
 
If tin was present in slag as Sno, then the slope ( 2/υ ) of Equation 3.4.1 will be zero; 
for SnO and SnO2 the slope will be ½ and 1 respectively.  Both SnO(l) and SnO2(s) 
are known to be stable between 1200 °C and 1300 °C and under converting 
conditions of high oxygen partial pressure both may be present in slag.  Takeda et al. 
(1983) reported that for calcium ferrite slag at 1250 °C and oxygen partial pressures 
greater than 10-8 atm, tin is mostly present in slag as SnO2 and at oxygen partial 
pressures below 10-8 atm, tin is mostly present as SnO.  This is shown in Figure 3.4.2 
with black solid squares points. 
   
For iron silicate slag the data is for oxygen partial pressures between 10-11 atm to  
10-7 atm and is shown with black solid circle points in Figure 3.4.2.  Below an oxygen 
partial pressure of 10-8 atm tin appears in iron silicate slag as SnO, but above 10-8 atm 
there is only one data point reported, thus the form of tin under these  
2
log
2
logL log /M O
ms pC υ+=
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conditions cannot be confirmed.  The oxygen partial pressure is limited for iron 
silicate slag because at higher oxygen partial pressures solid magnetite forms in the 
slag. 
 
 ? 
 
Figure 3.4.2. The reported slag/copper distribution ratios for tin as a function of 
oxygen partial pressure and temperature for several different slags 
(Takeda et al., 1983, Nagamori and Mackey, 1977, Gortais et al., 
1994, See and Rankin, 1981). 
 
The presence of both SnO (Sn2+) and SnO2 (Sn4+) in slag at approximately 10-8 atm 
can also be confirmed by thermodynamic calculations for the SnO/SnO2 reaction in 
Equation 3.4.2.   
 
Equation 3.4.2 
 
The equilibrium constant, K for this reaction is,  
 
Equation 3.4.3 
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Assuming ( ) ( )
2SnOSnO aa = , then, 
Equation 3.4.4 
 
The equilibrium constant, K for Equation 3.4.2 is 9.32 x 103 (HSC Chemistry 5.1, 
2002) so the calculated oxygen partial pressure for the equal activity condition is  
1.15 x 10-8 atm.  This is very similar to the oxygen partial pressure at which the 
change in slope occurs on Figure 3.4.2.  
 
Nagamori and Mackey (1977) investigated tin behaviour in alumina fayalite slag  at 
1200 °C between 10-11 atm to 10-8 atm. The results, summarised in Figure 3.4.2 with 
circle hollow points, confirm the finding of Takeda et al. (1983) that tin is present in 
slag mostly as SnO at oxygen partial pressures below 10-8 atm.  Nagamori and 
Mackey’s results are also close to those reported by Takeda et al., so alumina in iron 
silicate slag has little effect on tin distribution.  Nagamori and Mackey also 
investigated the effect of temperature on tin distribution and it appears that it has little 
effect on the distribution. 
 
Gortais et al. (1994) investigated tin behaviour for an unusual slag system (CaF2-
CaO-MgO-SiO2) at 1227 °C at high oxygen partial pressures between 10-8 atm and 
10-5 atm.  The results are denoted by square hollow points in Figure 3.4.2.  The results 
verify Takeda et al.’s work that tin at oxygen partial pressures
 
above 10-8 atm
 
appears 
in slag as SnO2. 
 
See and Rankin (1981) also investigated tin behaviour in alumina-bearing iron silicate 
slag as well as the effect of lime addition to the slag at 1300 °C at oxygen partial 
pressures between 10-9 atm to 10-7 atm.  There is a significant difference between 
their results and those reported by other researchers, so their work is judged to be 
unreliable. 
 
The Takeda et al. (1983) data sets are preferred because their slags were 
uncontaminated by oxides from the crucibles.  Silica crucibles were used for iron 
silicate slag and CaO crucibles were used for calcium ferrite slag. 
( ) 5.0
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1
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The research data can be compared to the data given for the Brixlegg operation 
(Woerz and Wallner, 1988), as given on Figure 3.4.3, although there is considerable 
uncertainty because the Brixlegg slag is an iron silicate slag but containing a 
significant amount of CaO.  The distribution ratios (LSns/Cu ) for tin were calculated to 
be 0.8 for the blast furnace while for the converter it is 16. 
 
 
Figure 3.4.3. Comparison of tin distribution ratios from Brixlegg data (Woerz and 
Wallner, 1988) with accepted laboratory data of Takeda et al. (1983). 
 
 
It can be seen that the distribution ratio for the blast furnace would be appropriate if 
the oxygen partial pressure in the furnace was between approximately 10-8 atm and 
10-7 atm  The oxygen partial pressure in a blast furnace hearth is more likely to be of 
the order of 10-10 atm, which suggests that conditions in the hearth of the blast furnace 
are very far from equilibrium.  This disequilibrium greatly increases the slag losses of 
tin and it is apparent that a more vigorously mixed reduction reactor in which the 
oxygen partial pressure in the slag was much lower would be of significant benefit.  
The distribution ratio in the converter is at a much more reasonable oxygen partial 
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pressure of approximately 10-6 atm, suggesting that the contents in the highly agitated 
converter are much closer to a state of equilibrium. 
 
  3.4.3 Activity Coefficient of Tin Oxide 
 
The reason for calculating the activity coefficient of tin oxide in FCS slags is to 
enable thermodynamic models of copper smelting systems to be developed.  When 
they have been developed and validated, they can be used to predict the distribution 
of tin between the three phases (slag, copper, and gas) under a range of process 
conditions.  
 
The tin oxide activity coefficient in the slag can be calculated using Equation 3.4.5 if 
the following are known; 
 
• distribution ratio of tin between copper and slag has been determined, 
• the identity of the metal oxide is known i.e the value of “v” in MOv, and  
• the limiting activity coefficient of tin in the metal phase.   
 
 
Equation 3.4.5 
 
 
 
The first two have been established i.e. the distribution ratio LSns/m over a range of 
slag compositions in the copper-saturated CaO-SiO2-FeOx have been measured and 
tin has been identified as existing as SnO in these slags.  The activity coefficient of 
tin in copper now needs to be considered. 
 
a) Limiting activity coefficient of Sn in copper 
 
The activity coefficient of M in the metal can be assumed constant when M is present 
in very small amounts, and so it becomes the limiting activity coefficient γoM.   
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Values of the limiting activity coefficient of tin in liquid copper are available in the 
literature and are summarised in Table 3.4.2.   
 
Table 3.4.2. Literature values for the limiting activity coefficient of tin in liquid 
Copper under the conditions specified. 
Reference 
Temperature 
(°C) 
Oxygen 
Partial 
Pressure 
(atm) 
Limiting Activity 
Coefficient 
γ°Sn(l) 
    
Hager et al. (1970) 1320 - 0.055 
    
Hultgren et al. (1973) 1127 - 0.007 
    
Sigworth and Elliott (1974) 1200 - 0.048 
    
Azakami and Yazawa (1976) 1200 6.5 x 10-6 0.11 
    
Nagamori and Mackey (1977) 1200 10-11 – 10-6 0.0465 
    
Nagamori and Mackey (1977) 1300 10-11 – 10-6 0.0529 
    
Takeda et al. (1983) 1250 10-9 0.12 
 
 
Hager et al. (1970) determined the activity coefficient of tin at  
1320 °C.  The experiment involved analysing the atomic or molecular beam from a 
Knudsen cell that was directed into the ion source of a T.O.F. mass spectrometer, 
where the metal vapours were converted into positive ions by electron impact.  The 
ion current ratio for the alloy components was measured over a range of temperatures 
and compositions and the thermodynamic values were calculated by a modified 
Gibbs-Duhem equation.   
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Neither Hultgren et al. (1973) nor Sigworth and Elliott (1974) gave any information 
on the experimental method used to obtain their values of the limiting activity 
coefficient of tin.  That of Sigworth and Elliott, however, is quite similar to the values 
given in later studies. 
 
Azakami and Yazawa (1976) used the Knudsen effusion method, which measures the 
vapour pressure of tin over a copper-tin alloy.  The cell used was made of graphite to 
keep conditions in their furnace very reducing to prevent the formation of very 
volatile SnO.  SnO formation would falsely increase the measured vapour pressure of 
tin.  A detailed explanation of the method is described in their paper.   
 
Nagamori and Mackey (1977) gave an equation to calculate γοSn(l), given as  
Equation 3.4.6.   
Equation 3.4.6 
 
The equation was used to determine the two values given for 1200 °C and 1300 °C in 
Table 3.4.2.  However, it is not clear how they obtained the equation.  A paper by 
Hager (1970) was quoted as the source, however that reference does not contain the 
equation. 
 
Takeda et al. (1983) did not measure the limiting activity coefficient of tin in copper, 
but simply extrapolated the value reported by Azakami and Yazawa (1976).  The 
basis of the extrapolation was not stated so it is not possible to evaluate the reliability 
of this value. 
 
There is no firm evidence of any affect of temperature on the value of the limiting 
activity coefficient for all of the studies reported.  Hultgren et al. (1973) reports a 
value at a temperature only about 50 °C lower than three of the other studies, but the 
value is over an order of magnitude smaller that those at 1200 °C.  It is not credible 
that such a change in activity coefficient could occur over such a small change in 
temperature.  
 
( ) 45.01300log 1 −−= −ToSnγ
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The mean value of the limiting activity coefficient of tin in copper is 0.075 ± 0.032, 
but the data cluster around two values – either approximately 0.05 or 0.1 so using a 
mean is not appropriate.  The Takeda et al. data is accepted in this work i.e.  
γ°Sn(l) = 0.12 because, despite some question on the extrapolation method,  it is clear 
how they achieved the value i.e. the experimental method on which the value is based 
from Azakami and Yazawa (1976) has been detailed and because it also enables a 
comparison of the present results for the calculated tin oxide activity coefficient with 
that reported by Takeda et al. (1983). It will be shown below that the activity 
coefficient data for SnO obtained by Takeda et al. is preferred for comparison 
because their slags were uncontaminated by oxides from the crucibles used to contain 
the slags.   
 
b) Activity coefficient of SnO in slags 
 
The activity coefficient of tin oxide in a variety of slags have also been researched 
and published.  The values of the activity coefficient of SnO in iron silicate slag 
found in the literature are summarised in Table 3.4.3 for calcium ferrite slag and an 
unusual slag system are summarised in Table 3.4.4.   
 
Nagamori and Mackey (1977) equilibrated alumina-containing iron silicate slag and 
copper metal containing some minor elements at 1200 ºC and 1300 ºC under 
controlled oxygen partial pressure between 10-11 atm to 10-6 atm  The oxygen partial 
pressure was controlled by CO-CO2 gas mixtures.  They reported a value of γSnO(l) 
that is an order magnitude higher than that reported by Rankin and Biswas (1974) 
who didn’t control the oxygen partial pressure.  This may have prevented equilibrium 
from being achieved.  Rankin and Biswas also used iron silicate slags containing  
7 wt% to 43 wt% SnO, while Nagamori and Mackey’s reported results were for very 
dilute solutions of SnO in slag.  For these reasons the data of Rankin and Biswas are 
not regarded as applicable to this work, or even reliable. 
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Table 3.4.3. The activity coefficient of tin oxide in iron silicate slag. 
Reference 
temperature 
(°C) 
oxygen partial 
pressure (atm) 
activity 
coefficient 
γSnO(l) 
    
Rankin and Biswas (1974) 1250 - 0.14 ± 0.02 
Nagamori and Mackey (1977) 1200 10-11 – 10-6 1.9 ± 0.3 
Nagamori and Mackey (1977) 1300 10-11 – 10-6 0.8 ±0.1 
Takeda et al. (1983) 1250 10-9 1.5 
Takeda et al. (1984) 1250 10-9 1.5 ~ 2 
Takeda and Yazawa (1989) 1300 10-12 – 10-9 1.8 
Yazawa (1994) 1300 10-12 – 10-9 1.3 
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Table 3.4.4. The activity coefficient of tin oxide in calcium ferrite slag and an 
unusual slag system.   
CF = calcium ferrite slag, FCS = ferrous calcium silicate slag. 
Reference slag 
tin oxide 
form 
temperature 
(°C) 
Oxygen partial 
pressure (atm) 
activity 
coefficient 
γSnO(l) 
      
Takeda et al. 
(1983) 
CF SnO 1250 10-9 0.9 
Takeda et al. 
(1984) 
CF SnO 1250 10-9 0.7 ~ 1.1 
Takeda and 
Yazawa 
(1989) 
CF SnO 1300 10-12 – 10-9 1.2 
Yazawa 
(1994) 
CF SnO 1300 10-12 – 10-9 1.2 
Takeda et al. 
(1983) 
CF SnO2 1250 – 2.4 
Takeda et al. 
(1984) 
CF SnO2 1250 10-11 – 10-6 2 ~ 5 
Takeda and 
Yazawa 
(1989) 
FCS 
CaO/SiO2=1 
 
SnO 1300 10-12 – 10-9 5.0-6.2 
Yazawa 
(1994) 
FCS 
CaO/SiO2=1 
 
SnO 1300 10-12 – 10-9 5.5 
Gortais et al. 
(1994) 
Unusual 
slag  
SnO2 1227 - 13 
 
 
 
Minor Elements Distribution during   
the Smelting of WEEE with Copper Scrap 
 49 Alicia Anindya   
Takeda et al. (1983) use a similar method used by Nagamori and Mackey (1977), for 
both iron silicate slag and calcium ferrite slag, at 1250 ºC over a range of oxygen 
partial pressures between 10-11 atm to 10-7 atm.  For both iron silicate slag and 
calcium ferrite slag the value of γSnO(l) was constant when plotted against oxygen 
partial pressure.  This is illustrated in Figure 3.4.4.  Takeda et al. also reported that tin 
oxide may appear as SnO2 in calcium ferrite slag and the value of γSnO2 is 2.4, but 
failed to specify the oxygen partial pressure at which this value was obtained.  
Presumably it is at the higher oxygen partial pressure range of that studied i.e. about 
10-7 atm.  
 
 
 
Figure 3.4.4. Activity coefficient of SnO(l) at 1250 ºC in iron silicate slag (dashed 
line) and calcium ferrite slag (solid line) (Takeda et al., 1983). 
 
 
Takeda et al. (1984) reports the same work as Takeda et al. (1983) but is in the 
Japanese language.  However, both quote the activity coefficient data a little 
differently, without explanation. 
 
SnO(l) 
SnO(l) 
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Takeda and Yazawa (1989) reported the values of γSnO(l) in ferrous calcium silicate 
(FeOx-SiO2-CaO) slag and plotted the results in a ternary diagram.  Various slag 
compositions were investigated and master slag was prepared.  The oxygen potential 
in the system was controlled by adding Cu2O or SnO into the master slag, depending 
on which element to be analysed.  Larger additions of Cu2O or SnO result in higher 
oxygen partial pressures.  The slag was then equilibrated with copper, tin and lead in 
a magnesia crucible at 1300 ºC under argon.  The oxygen partial pressure in the metal 
phase was measured with an oxygen concentration cell and ranged from 10-12 atm to 
10-9 atm.  The slag was sampled by immersing a water cooled copper tube and liquid 
metal was sucked out with a silica tube.  The slag and metal were then analysed.    
They plotted the calculated results of the activity coefficient of SnO(l) on a ternary 
diagram, given as Figure 3.4.5. 
 
 
Figure 3.4.5. The activity coefficient of SnO(l) in FeOx-SiO2-CaO slag (Takeda and 
Yazawa, 1989). 
 
The individual activity coefficient values shown on Figure 3.4.5 are very consistent at 
low CaO contents but at higher CaO contents where the activity coefficient is greater 
than 2 there is significant scatter  The drawing of the iso-activity coefficient lines 
obviously must rely as much on theoretical expectations as actual experimental 
results. 
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The results on Figure 3.4.5 do show several clear trends.  The FeOx/SiO2 (w/w) ratio 
has little impact on the activity coefficient of SnO(l), while the CaO content affects the 
activity coefficient of SnO(l) significantly.  The activity coefficient of SnO increases 
as the CaO content increases.  Furthermore, the iso-γSnO(l) lines suggest that for iron 
silicate slag, γSnO(l) must be close to 1.2, for calcium ferrite slag γSnO(l) close to 1.1 and 
for ferrous calcium silicate slag with CaO/SiO2 = 1 and a high CaO content γSnO(l) will 
be close to 6.  These values are in relatively good agreement with the values reported 
in Table 3.4.3 and Table 3.4.4. 
 
Yazawa (1994) used the data of Takeda and Yazawa (1989) but again the values 
quoted vary a little from the original reference, without explanation. 
 
Gortais et al. (1994)  equilibrated CaF2-CaO-MgO-SiO2 (CaF2=37 wt%,  
CaO=42 wt%, MgO=7 wt%, SiO2=14 wt%) slag and many metals (Cu, Bi, Fe, Ni, Pb, 
Sb, Sn) in magnesia crucibles.  Air was used during an oxidation period and argon 
gas during an equilibration period.  The method involved electrochemical 
measurements of oxygen partial pressure.  At the start of an experiment the magnesia 
crucible was heated, then copper added and melted.  An electrochemical probe 
measured the oxygen content of the metallic bath.  When the oxygen content was 
below 50 ppm, the premelted slag was added.  The studied elements were introduced 
into the system as pure elements or Cu-based master alloys and the oxidation is 
started by introducing air followed by argon bubbling.   When the oxygen partial 
pressure stabilised samples were taken.  They were then analysed, the copper by 
inductively coupled plasma emission (ICP) and the slag by X-ray fluorescence.  The 
analytical results are then used to calculate the activity coefficient of the oxides.   The 
results are not useful because the slag composition has no industrial relevance and the 
fact that SnO2 is quoted as the species indicated that the oxygen partial pressures were 
also quite high. 
 
The results summarised in Table 3.4.3 are generally in good agreement.  The value of 
γSnO(l) in iron silicate slag at 1200 °C - 1300 °C  is between 0.8 to 2.0.   The activity 
coefficient values reported in Table 3.4.4 for calcium ferrite slag are also in good 
agreement and indicate that γSnO(l) between 1200 °C to 1300 °C for oxygen partial 
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pressures from 10-12 atm to 10-9 atm are between 0.7 to 1.2.   Furthermore, γSnO2(l) is 
also reported at 1250 °C by Takeda et al. (1984) to be between 2.0 to 5.0.  The trends 
in the activity coefficient of SnO(l) with slag composition for FCS slags have been 
given by Takeda and Yazawa (1989) but this is the only work in the literature 
reporting these trends.  The results from this work provide a second set of 
experimental data and will test the reliability of the γSnO(l)  data published to date. 
 
  3.4.4 Acid-Base Nature of SnO 
 
Knowing the acid/base character of a metallic oxide provides a qualitative way of 
predicting its distribution behaviour in slag.  One way to predict the acidic or basic 
behaviour of a metal oxide is to compare it to the elements near it in the Periodic 
Table.   
   
 
 
Figure 3.4.6. Periodic Table (Mendeleyev, 2012). 
 
Tin is located beside antimony, which is known as acidic oxide and above lead, which 
is a basic oxide (Yazawa, 1994).  It also lies below germanium and beside indium, but 
the acid/base character of the oxides of both these metals have yet to be confirmed.   
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It is clear that there are insufficient periodic trends available to allow the behaviour of 
tin to be predicted with confidence.  
 
The acidity and basicity of a metal oxide is fundamentally a measure of the readiness 
of that oxide to either gain or lose an oxide ion.  Basic oxides have the capacity to 
provide an oxide ion, and acidic oxides to absorb one.   Gilchrist (1989) argues that 
this capacity, in turn, is related to the nature of the chemical bond between the metal 
cation and the oxide ion.  The electrostatic force between the two ions is proportional 
to z/a2 where “z” is the charge on the cation and “a” is the distance between them – 
equivalent to the sum of the radii of the ions.  A weak electrostatic force is associated 
with a basic oxide, which can readily release the oxide ion, whereas a strong 
electrostatic force is associated with an acid oxide which strongly holds the oxide ion.  
The term z/a2 for SnO, where tin is present as the 2+ cation, is 0.37.  According to 
Gilchrist this places SnO on the ‘border’ between a basic oxide and a neutral oxide.  
The other way to characterise the cation/anion bond is through its “ionic bond 
fraction”, given by Askeland and Phule (2006) as; 
 
Equation 3.4.7 
 
where XA is the Pauling electronegativity of oxygen and XC is the electronegativity of 
the metal.  A high ionic fraction is associated with a basic oxide and a low ionic 
fraction – and corresponding high covalent fraction – is associated with an acidic 
oxide.  The bond in SnO can be calculated to have an ionic fraction of 0.42, which 
indicates that SnO is a neutral metal oxide.  The neutral oxide FeO has an ionic 
fraction of 0.38.  This analysis suggests that SnO may be a neutral oxide, although the 
two methods of assessing the nature of the bond are not strongly in agreement. 
 
The only certain way to determine the acid/base character of a metal oxide is through 
experimentation.  The distribution behaviour of the metal oxide in iron silicate slag, 
which is an acidic slag, and calcium ferrite slag, which is a basic slag, can be 
compared.  The graph of the logarithm of the tin distribution ratio against the 
logarithm of the oxygen partial pressure presented by Yazawa et al. (1983) and given 
as Figure 3.3.3 showed that the position of the tin distribution line for iron silicate 
slag is very close to that for calcium ferrite slag.  Tin oxide behaviour in an acidic and 
)](25.0exp[1)( cA XXionicf −−=
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a basic slag is almost the same.  This strongly suggests that tin oxide is behaving as a 
“neutral” oxide, and in later published work Yazawa (1994) classified SnO as 
“neutral” oxide.  
 
The distribution behaviour of a metal oxide in the CaO-SiO2-FeOx system, within 
which FCS slags lie, is also a function of the acid/base character of the metal oxide 
and is reflected by the activity coefficient of the metal oxide. 
 
Yazawa (1994) theoretically derived iso-activity coefficient lines for neutral oxides in 
the CaO-SiO2-FeOx system by assuming that the component binary systems were 
regular solutions whose activity/composition relationship was described by the “α" 
value for each binary system.  He assumed an α value of -9 for the AO-BO strong 
acid-strong base system, -1 for the BO-MO strong base-neutral oxide system and  
0 for the AO-MO strong acid-neutral oxide system.  The results are given on 
Figure 3.4.7.   
 
When SnO, a neutral metal oxide, is added to the CaO-SiO2-FeOx slag it is expected 
that the activity coefficient of SnO will have a similar trend to that of FeO.  Takeda 
and Yazawa (1989) gave iso-γSnO(l) lines derived experimentally by them, shown on 
Figure 3.4.8.  The iso-γSnO(l) lines from Takeda and Yazawa was transposed onto the 
Kongoli diagram as given in Figure 3.4.9 to enable comparison with present work.  
 
It can be seen that the iso-activity coefficient lines of SnO(l) presented in Figure 3.4.8 
are very similar to the neutral oxide lines on Figure 3.4.7.  This supports the 
conclusion that SnO(l) behaves as a neutral oxide in slags.  However, while the 
activity coefficient of a neutral metal oxide will be similar in both iron silicate and 
calcium ferrite slags, it is also clear that it will have higher values within the  
CaO-SiO2-FeOx system. 
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Figure 3.4.7. Iso-activity and iso-activity coefficient lines for a neutral oxide in the 
AO-BO-MO system.  aMO (solid lines), γMO (dashed lines)  
(Yazawa, 1994). 
 
 
Figure 3.4.8. Iso-activity coefficient lines of γSnO(l) and total loss of tin (MT) in  
FeOx-SiO2-CaO slags.  f(MT)=1/(γSnO)(NFeO) (Yazawa, 1994).  
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Figure 3.4.9. Iso-activity coefficient lines of γSnO(l) in FeOx-SiO2-CaO slags presented 
in a Kongoli diagram (Yazawa, 1994, Kongoli, 2009). 
 
  3.4.5 Conclusion 
 
Tin is a component in WEEE, mostly in the solders used on the circuit boards, and it 
is a valuable metal so its recovery from WEEE is of importance.  Four studies have 
been reported on tin speciation in slags and it is agreed that at oxygen partial 
pressures below 10-8 atm tin is present in slags as SnO. Above this, SnO2 becomes 
increasingly important as the oxygen partial pressure increases. 
 
Brixlegg distribution data lead to a conclusion that the conditions in the hearth of the 
blast furnace are far from equilibrium and tin loss to the slag will be higher than were 
a vigorously mixed reduction reactor used. The highly agitated converter is much 
closer to a state of equilibrium. 
 
The value of Takeda et al. (1983) for the limiting activity coefficient of tin in copper 
is accepted in this work i.e. γ°Sn(l) = 0.12 because it is clear how they achieved the 
value, and it enables a comparison of their calculated tin oxide activity coefficient 
with that from the present work.   
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The value of γSnO(l) at 1200 °C to 1300 °C in iron silicate slag is between 0.8 to 2.0.  
The values of γSnO(l) in calcium ferrite slag from 1200 °C to 1300 °C for oxygen 
partial pressures from 10-12 atm to 10-9 atm are between 0.7 to 1.2.  The trends in the 
activity coefficient of SnO(l) with slag composition for FCS slags have been given by 
Takeda and Yazawa but this is the only work in the literature reporting these trends.   
 
The position of the tin distribution line for iron silicate slag is very close to that for 
calcium ferrite slag which suggests that tin oxide is behaving as a “neutral” oxide.  
Yazawa (1994) in later work classified SnO as “neutral” oxide. 
 
3.5. Distribution Behaviour of Indium 
 
  3.5.1 Distribution Data from Literature 
 
Indium is a scarce element.  In the earth’s crust the concentration of indium is about 
0.05 ppm for the continental crust and 0.072 ppm for the oceanic crust (Mikolajczak, 
2009).  This concentration is much lower than that of tin (Emsley, 2001).  Indium is 
used in fusible alloys, solders, electrical components and semiconductors. In the late 
1980’s indium phosphide semiconductors and indium-tin-oxide (ITO) thin films for 
liquid crystal display (LCD) were developed but since 1992, ITO in flat screen 
monitors and televisions has become the leading end use of indium. Indium is a minor 
component of WEEE.  In personal desktop computers WEEE has a concentration of 
about 0.002 wt% (Tolcin, 2011, Silicon Valley Toxics Coalition, 2007).  
 
Despite the very low concentration of indium in WEEE, the amount of indium being 
lost to the materials cycle through landfilling is very significant.  Table 2.1.3 shows 
that about 13.7 million tonnes of WEEE were landfilled in 2010, representing  
270 tonnes of indium.  World production of indium in 2009 was only about  
520 tonnes (Roskill, 2010) so a little over 50% of annual indium production is lost to 
further use.  The remaining world reserves of indium are estimated at 50,000 tonnes 
(Mikolajczak, 2009) so the amount of WEEE lost to landfill annually approximates to 
0.5% of remaining reserves.   
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Although indium prices have historically been unstable, indium is considered as a 
very valuable minor element.  The price has been as low as US$60/kg in 2002 but 
jumped dramatically to US$900/kg in early 2006 when supply decreased as Chinese 
producers ceased production and Metaleurop stopped indium production at its French 
zinc refinery (III-Vs Review, 2005) .  Currently the price of indium is averaging 
US$580/kg (MetalPrices.com, 2011), making the value of indium lost to landfill in 
2010 about US$157 million. 
 
 
Figure 3.5.1. Indium price (values are stated in $/kg) (Crusader, 2011). 
 
It can be concluded that returning indium to the materials cycle through the 
processing of WEEE will extend indium reserves considerably.  Also, enhancing the 
recovery of indium during processing is imperative for the sustainability of this 
valuable minor element.    
 
  3.5.2 Indium Speciation in Slags 
 
Indium is rarely found in copper minerals, so there are no reports of research into 
indium behaviour in copper smelting processes.  However, indium is found in very 
small amount in lead ores so there are some studies on indium in molten lead.  They 
will be used to provide some insight into how indium may behave during secondary 
copper smelting. 
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Based on previous research, indium is variously reported as dissolving in slag as; 
 
• InO0.5 (In+) by Ko and Park (2011) 
 
and in molten lead – slag systems as; 
 
• InO (In2+) by Hoang and Swinbourne (2007) 
• InO1.5 (In3+) by Henao et al. (2010)   
 
The slope of the plot between log distribution ratio and log oxygen partial pressure 
will be 0.25 if indium is present as InO0.5, 0.5 if indium is present as InO, and 0.75 if 
indium is present as InO1.5.  Experimental errors can make it difficult to distinguish 
between the slopes. 
 
Johnson et al. (1983) from the U.S. Bureau of Mines were the first to report on 
indium distribution between lead and the same slags at 1200 °C.  They used a single 
oxygen partial pressure of 10-12 atm so the oxide form of indium in the slag cannot be 
evaluated from their data.   
 
Hoang and Swinbourne (2007) determined the indium distribution ratio between 
molten lead and CaO-SiO2-FeOx slags at 1200 °C over a range of oxygen partial 
pressures between 10-12 atm and 10-10 atm.  The oxygen partial pressures were 
controlled using CO-CO2 gas.  They equilibrated the slag and lead metal containing 
indium in an alumina crucible, then quenched the crucible.  The equilibrium was 
assured by carrying out experiments with different equilibration times and also by 
approaching the equilibrium from both phases, ie. adding In2O3 to slag and indium to 
the metal.  They determined that equilibrium was achieved after 4 hours and so they 
decided to have a hold time of 6 hours.  After the equilibration the slag and lead were 
then separated and they were analysed by inductively coupled plasma – atomic 
emission spectrometry (ICP-AES) method. They concluded that indium was present 
in slag under those conditions as InO, as shown in Figure 3.5.2.  This oxide is only 
stable as a gaseous species at 1200 °C so thermodynamic data must be referred to the 
gaseous standard state. 
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Figure 3.5.2. The reported slag/lead distribution ratios for indium as a function of 
oxygen partial pressure at 1200 °C for CaO-SiO2-FeOx slags (Hoang 
and Swinbourne, 2007) 
 
Henao et.al. (2010) suggested that the technique used by Hoang and Swinbourne had 
some limitations.  It is impossible to completely separate slag and metal physically.   
Furthermore, different oxide crystalline phases can form in the cooling slag and trap 
metallic lead in the slag.  This leads to errors in analysis.  Henao et.al. (2010) 
developed a method to analyse the slag that was claimed to offer an improvement in 
the accuracy of the results.  Henao et al. analysed the slag by electron probe X-ray 
microanalysis (EPMA) and the metallic phase by inductively coupled plasma (ICP).  
This method also offers additional information regarding the phase equilibria of the 
multi component slag system but does rely heavily on the calibration of the EPMA 
and the use of appropriate indium standards.   
 
Henao et.al. (2010) determined the indium distribution ratio between lead and the 
same type of slag at 1200 °C over a wider range of oxygen partial pressures  
(10-12 atm and 10-8 atm) than that used by Hoang and Swinbourne and equilibrated the 
slag and metals in magnesia crucibles.  They also controlled the oxygen partial 
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pressure of the furnace using CO-CO2 gas.  Equilibrium was ensured by approaching 
the equilibrium from both directions, by carrying preliminary experiments at different 
equilibration time, and also by checking the homogeneity of the phases using EPMA.  
Their observations showed that after 20 hours of holding time, the depth of the inter-
phase slag-crucible layer did not show variation and the MgO content in the slag was 
constant at 5%.  Their preliminary experiments also indicated that indium distribution 
ratio did not show significant variation after 4 hours of holding time, therefore the 
holding time was set to be 24 hours.  Their crucible size and sample masses were 
similar to those of Hoang and Swinbourne (2007), who used a 6 hour equilibration 
time, so a minimum equilibration time of 4 hours is consistent with this previous 
work. 
 
Over the same oxygen partial pressure range the results of the two studies were very 
similar, but the data at higher oxygen partial pressures led Henao et al. to conclude 
that indium occurs in slag as In3+ i.e. InO1.5, as shown in Figure 3.5.3.  They also 
reported that there was insignificant volatilisation of indium during their experiments 
and that indium distribution is a strong function of temperature, with higher 
temperatures favouring indium partition to the lead. 
 
Figure 3.5.3. The reported slag/lead distribution ratios for indium as a function of 
oxygen partial pressure at 1200 °C for CaO-SiO2-FeOx slags. 
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Ko and Park (2011) investigated the behaviour of indium in CaO-SiO2-Al2O3 slags at 
a higher temperature (1500 °C) and a much lower oxygen partial pressure (between  
10-17 atm to 10-16 atm) than previous studies.  These conditions are what would be 
expected for an iron blast furnace.  They equilibrated slag and pure indium metal in 
graphite crucibles and the oxygen partial pressure in the furnace was controlled by a 
mixture of CO and argon gases.  The equilibration time required was 12 hours but 
they gave no details as to how this was determined.   After equilibration, the samples 
were quenched into brine and then crushed for chemical analysis.  The indium content 
in the slag was analysed by ICP-AES and the major oxide components were analysed 
by X-ray fluorescence spectroscopy.  Ko and Park (2011) concluded that indium in 
CaO-SiO2-Al2O3 slag is present as InO0.5, as shown in  Figure 3.5.4.  However, with 
such a very narrow range of oxygen partial pressures, the results must be regarded as 
unreliable.   
 
 
 
Figure 3.5.4. The reported results of indium distribution as a function of oxygen 
partial pressure at 1500 °C for CaO-SiO2-Al2O3 slags (Ko and Park, 
2011). 
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It can be concluded that, with so few studies and such significant differences between 
them, it is not possible to be confident regarding the oxidation state of indium in FCS 
slags at high temperatures.  It seems unreasonable that indium would be present at its 
highest oxidation state (3+) at oxygen partial pressures as low as 10-10 atm to  
10-12 atm used by Hoang et al. (2007).  However in this work the oxygen partial 
pressures used will be much higher so the suggestion of  Henao et al. (2010) that 
indium is present as InO1.5 cannot be discounted.  Experimental work will be required 
to resolve this issue. 
 
  3.5.3 Activity Coefficient of Indium Oxide 
 
Indium is a very rare element in primary copper ores, but is a common valuable 
element in secondary copper smelting system. Knowing the value of the activity 
coefficient of indium oxide is required to create thermodynamic models of secondary 
copper smelting systems which can be used to predict the indium distribution between 
phases in secondary copper smelting.  
 
a) Limiting activity coefficient of indium in copper 
 
The indium oxide activity coefficient can be calculated using the same method as was 
used to calculate the tin oxide activity coefficient, i.e. using Equation 3.5.1.   
 
  
Equation 3.5.1 
 
 
The problem with indium, as compared to tin, is that there are only two reports in the 
literature on the value of the limiting activity coefficient of indium, γoIn(l) in liquid 
copper, as summarised in Table 3.5.1. 
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Table 3.5.1. Literature values for the limiting activity coefficient of indium in liquid 
                     copper under the conditions specified. 
 
Reference 
Temp 
(°C) 
Oxygen partial 
pressure 
(atm) 
Limiting activity 
coefficient 
γ°In(l) 
     
Azakami and Yazawa (1976) 1200 8 x 10-4 atm 0.32 
    
Sigworth and Elliott (1974) 1200 - 0.41 
 
 
Azakami and Yazawa (1976) determined γoIn(l) in liquid copper using the EMF 
method.  The cell containing a pre-fused electrolyte and copper-indium alloy was 
heated to the desired temperature and when the electromotive force between the 
electrodes became stable, measurements were made at 5 minute intervals for one 
hour.  The procedure was repeated at temperatures between 700 °C to 1000 °C.  
Following the experiments the alloy composition was determined by electrolytic 
analysis.  The activities of indium in the alloy were calculated, and then the limiting 
activity coefficient of indium in copper, presented in Figure 3.5.5.  However, they did 
not indicate how the extrapolation was done to determine the limiting activity 
coefficient of indium in liquid copper.  The reported value of γoIn(l) in liquid copper at 
1200 °C at an oxygen partial pressure of 8 x 10-4 atm was 0.32.        
 
Sigworth and Elliott (1974) provided a value for γoIn(l) in liquid copper at 1200 °C of 
0.41.  However, there was no information available on the experimental method used 
to obtain this value. 
 
The Sigworth and Elliott value is very similar to the value reported by Azakami and 
Yazawa (1976) but in this work the Azakami and Yazawa (1976) data is accepted i.e. 
γ°In(l) = 0.32 because it is clear how they achieved the value.    
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Figure 3.5.5. Activity-composition relationship for the copper-indium system 
(Azakami and Yazawa, 1976). 
 
 
b) Activity coefficient of InO in slags 
 
There are no reports on the activity coefficient of indium oxide, γInO(g), in systems in 
which copper was the molten metal.  However, there are four studies published on 
indium behaviour in molten lead systems, but only two of those determined an indium 
oxide activity coefficient.  This work has already established that indium is present in 
FCS slag as InO, and only one of those two studies give a value for γInO(g).  The 
identity of the molten metal i.e. copper or lead, may be important because they will 
result in either CuO0.5 or PbO being present in the slag.  It is possible that these 
oxides could interact with InO, but this is unlikely provided the concentration of InO 
in the slag is very small, as it was in this work. 
 
Ko and Park (2011) who found that indium was present as In2O at very low oxygen 
partial pressures, determined the correlation between Gibbs excess free energy 
∆GEXIn2O and the molar content of SiO2 at 1500 °C.  ∆GEXIn2O decreased as the molar 
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content of SiO2 increased, as shown in Figure 3.5.6.  ‘∆GEXIn2O decreased as the 
molar content of SiO2 increased, as shown in Figure 3.5.6.  ∆GEXIn2O is directly 
proportional to the natural logarithm of the activity coefficient so it can be concluded 
that with increasing silica content, the activity coefficient of In2O, γIn2O(l) decreases.  
However, Ko and Park did not give a value for γIn2O(l).  This is not important because 
this species is not relevant to the conditions used in this work.  
 
 
Figure 3.5.6. The relation between ∆GEXIn2O and the molar content of SiO2 (Ko and 
Park, 2011). 
 
Hoang and Swinbourne (2007) used the method described in Section 0.3 to determine 
the indium distribution ratio between alumina-saturate CaO-SiO2-FeOx slags and 
molten lead.  They expressed the distribution ratio of indium as metal/slag ratio while 
in present study it is expressed as a slag/metal ratio.  Values of LInm/s were plotted on a 
FeOx-CaO-SiO2 ternary diagram, as shown in Figure 3.5.7. These values were then 
used to calculate γInO(g) using Equation 3.5.1.  By substituting the known values to 
Equation 3.5.1, they derived an equation to calculate γInO(g) given as Equation 3.5.2.  
 
Equation 3.5.2 
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Figure 3.5.7. Indium metal/slag distribution ratio at 1200 °C between 10-12 atm and 
10-10 atm (Hoang and Swinbourne, 2007). 
 
 
The values of γInO(g) in FeOx-CaO-SiO2-8 wt%Al2O3 slag at 1200 °C with oxygen 
partial pressure between 10-12 atm and 10-10 atm varied between 4 x 10-8 and 3 x 10-7.  
Hoang and Swinbourne concluded that γInO(g) is independent of the CaO/SiO2 ratio, 
but increases as FeO/SiO2 ratio in the slag increases.  Their results can be transposed 
onto the Kongoli diagram as given in Figure 3.5.8 to enable comparison with the 
present work.   The resulting iso-activity coefficient lines are vertical, whereas for 
SnO they are horizontal.  The great difference between the two systems is surprising 
but cannot be explained. 
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Figure 3.5.8. Activity coefficient of InO(g) at 1200 °C between 10-12 atm and  
10-10 atm in a Kongoli diagram (Hoang and Swinbourne, 2007). 
 
Henao et al. (2010) claimed that indium was present in slags as InO1.5.  They did not 
report the activity coefficient of indium oxide, but only commented on the effect of 
CaO/SiO2 ratio or Fe/SiO2 ratio on indium distribution at 1200 °C.  At an oxygen 
partial pressure of 10-10 atm they wrote that there is no appreciable effect of CaO/SiO2 
ratio or Fe/SiO2 ratio on indium distribution ratio; however at 10-12 atm there is a 
tendency for indium distribution, LIns/m, to increase when the CaO/SiO2 ratio 
increases.  Since the activity coefficient of an oxide is inversely proportional to the 
slag/metal distribution ratio, it can be concluded that at pO2 = 10-10 atm the activity 
coefficient of InO1.5 is not affected by the slag composition, but at more reducing 
conditions it decreases as CaO/SiO2 increases.   Since Henao et al. believe that 
indium oxide is present as InO1.5, but this work has established that it is present as 
InO, then their observations are not relevant. 
 
Johnson et al. (1983) also reported on the effect of CaO/SiO2 ratio or Fe/SiO2 ratio on 
indium distribution at 1200 °C, at an oxygen partial pressure of 10-12 atm.   
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They reported that the indium slag/metal distribution ratio is independent of Fe/SiO2 
ratio but decreases with increasing basicity ratio i.e. (CaO+MgO)/SiO2.   It follows 
that the activity coefficient of indium oxide is independent to Fe/SiO2 ratio but 
increases with increasing basicity ratio. 
 
c)  Conclusions 
 
There are disagreements between the very few previous studies on the activity 
coefficient of indium oxide in slag and its dependence on slag composition and they 
are summarised in Table 3.5.2 in bold.  With so few studies, and significant 
differences between them, it is impossible to have confidence that the effect of slag 
composition on the indium oxide activity coefficient is known.   
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Table 3.5.2. Comparison of the effect of slag composition on indium oxide activity 
coefficient. 
 Johnson et al. 
(1983) 
Hoang and 
Swinbourne 
(2007) 
Henao et al. 
(2010) 
Ko and Park 
(2011) 
     
Crucible Alumina Alumina Magnesia Graphite 
pO2 (atm) 10-12 10-12 – 10-10 10-12 – 10-8 10-17 – 10-16 
Temp. (°C) 1200 1200 1200 1500 
oxide  - InO InO1.5 InO0.5 
γInOx - 4x10-8 – 3x10-7 - - 
 
  
 
 
Effect of 
increase in 
CaO/SiO2 ratio 
on γInOx 
Increase Independent 
pO2 = 10-10 atm 
Independent 
 
pO2 = 10-12 atm 
Decreases 
- 
 
    
Effect of 
increase in 
Fe/SiO2 ratio 
on γInOx 
Independent Increase Independent - 
 
    
Effect of 
increase in 
SiO2 content 
on γInOx 
- - - Decrease 
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  3.5.4 Acid-Base Nature of InO 
 
Knowing the acid/base character of indium oxide helps to predict its distribution 
behaviour in slag and one way to predict it is, as with tin, to compare it to the 
elements near it in the Periodic Table.   
 
Indium is located beside tin, whose oxide behaves as a neutral oxide and cadmium, 
whose properties are very similar to zinc and zinc oxide is classified by Yazawa 
(1994) as a “neutral” oxide.  Indium is also neighbour to gallium but the acid/base 
behaviour of gallium oxide has yet to be determined.   Furthermore, indium is also 
located above thallium, but again the acid/base character of thallium oxide is not 
mentioned in literature.  However, Johnson et al. (1983) investigated the behaviour of 
thallium and the results are presented in Figure 3.5.9 and Figure 3.5.10.  The results 
show that the thallium metal/slag distribution ratio is relatively unaffected by 
FeO/SiO2 ratio but increases as the (CaO+MgO)/SiO2 ratio increases.  This suggests 
that as the basicity of slag increases, thallium favours the metal more and so thallium 
oxide maybe behaving as a basic oxide.  This would be expected given that thallium 
and lead are chemically very similar, and lead oxide displays basic behaviour.   
 
It is clear that periodic trends in behaviour do not predict the acid/base character 
indium oxide with any confidence. 
 
The ionic fraction of the bond between indium and oxygen has been used by Gilchrist 
(1989) as an indication of the acid/base nature of an oxide.  This fraction is calculated 
as 0.5 for the In-O bond, which is characteristic of a neutral oxide.  The other 
measure used by Gilchrist is the ratio “z/a2” where “z” is the charge on the cation and 
“a” is the distance between them – equivalent to the sum of the radii of the ions.  
Unfortunately there is no ionic radius data available for In2+ so this ratio cannot be 
calculated.  If the ionic radius of In2+ is assumed to be 20% larger than that of In3+ 
based on the difference between the Fe2+ and Fe3+ ions, then “z/a2” for InO is 0.37.  
This is the same as the ratio for SnO and places InO on the border between being a 
basic and a neutral oxide.  It can be concluded that this form of analysis does not 
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provide a clear indication as to whether InO would behave as a basic or a neutral 
metal oxide. 
 
The distribution behaviour of a metal oxide in the CaO-SiO2-FeOx system, within 
which FCS slags lie, is also a function of the acid/base character of the metal oxide 
and is reflected by the activity coefficient of the metal oxide. 
 
Hoang and Swinbourne (2007) concluded that γInO(g) is independent of the CaO/SiO2 
ratio, but increases as FeO/SiO2 ratio in the slag increases, as mentioned in the 
previous Section 3.5.3.  The results are also compared to neutral oxide iso-activity 
coefficient lines in ternary diagram shown in Figure 3.4.7 as derived by Yazawa 
(1994) At a CaO/SiO2 ratio near unity, the iso-activity coefficient lines are similar to 
that observed in this work, i.e. they lie along the lines defining equal FeO/SiO2 ratios.  
Based on this, Hoang and Swinbourne (2007) suggested that InO behaves as a 
‘neutral’ metal oxide. 
 
   
Figure 3.5.9. Thallium distribution ratio as a function of (CaO+MgO)/SiO2.  Hollow 
points : 0.5 wt% Tl, solid points: 1.0 wt% Tl. (Johnson et al., 1983) 
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Figure 3.5.10. Thallium distribution ratio as a function of FeO/SiO2.  Hollow points : 
0.5 wt% Tl, solid points: 1.0 wt% Tl (Johnson et al., 1983). 
 
Ko and Park (2011) investigated the solubility of indium in slag and they suggested 
that it decreases with increasing silica content as discussed in the previous section. 
They suggested that indium behaves as a weak basic oxide in the CaO-SiO2-Al2O3 
ternary system under reducing conditions.  
 
Johnson et al. (1983) did not comment on the acid/base nature of indium oxide.  
However, they reported that the indium slag/metal distribution ratio is independent of 
Fe/SiO2 ratio but decreases as the (CaO+MgO)/SiO2 ratio increases.  This means that 
indium favours the metal with increasing basicity ratio, which suggests that indium 
behaves as a basic oxide. 
 
It is concluded that it is currently impossible to determine the base/acid character of 
indium with confidence.  The results of this work will provide another set of 
experimental data from which the acid/base character of indium oxide can be 
assessed. 
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  3.5.5 Conclusion  
 
Indium is used as mixed indium-tin oxide thin films for liquid crystal display (LCD) 
and so is a minor component of WEEE, having a concentration of only about  
0.002 wt%.  The amount of indium lost to landfill is significant, a little over 50% of 
annual indium production.  
 
Indium is rarely found in copper minerals, so there are no reports of research into 
indium behaviour in copper smelting process.  Three studies have been reported on 
indium speciation in slag, however it can not be concluded with confidence the form 
in which indium present in slag.   
 
The value of Azakami and Yazawa (1976) for the limiting activity coefficient of 
indium in copper is accepted in this work i.e. γ°In(l) = 0.32 because it is clear how they 
achieved the value.    
 
There is only one reported value of indium oxide in lead system.  The value of γInO(g) 
is reported by Hoang and Swinbourne (2007), for FeOx-CaO-SiO2-8 wt%Al2O3 slag 
at 1200 °C with oxygen partial pressure between 10-12 atm and 10-10 atm, γInO(g) is 
between 4 x 10-8 to 3 x 10-7.  The trends in the activity coefficient can be predicted 
from the results of four studies, but there are disagreements on the behaviour of 
activity coefficient with variation in slag.  It is also concluded that it is impossible to 
determined acid/base character of indium with confidence.  
 
3.6. Overall Conclusions  
 
The amount of WEEE is already large, and is increasing rapidly.  It contains valuable 
metals so is a potential resource for these metals.  Reprocessing WEEE is an 
increasingly important activity, but presents many technical challenges because the 
combinations of metals in WEEE are different to those found in ores.   As a result, 
data needed for the design of reprocessing technologies is often lacking.  An 
attractive option for reprocessing WEEE is to add it to a secondary copper smelter.  
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The recoveries of valuable metals like tin and indium are determined by the way in 
which they distribute between the black copper and the slag.  These distributions are 
affected by the composition of the slag.  
 
At oxygen partial pressures below 10-8 atm, tin is present in slag as SnO.  Above an 
oxygen partial pressure of 10-8 atm, SnO2 becomes increasingly important as the 
oxygen partial pressure increases.  The value of γSnO(l) in iron silicate slag at 1200 °C 
to 1300 °C is between 0.8 to 2.0 and in calcium ferrite slag it is between 0.7 to 1.2.  
The trends in γSnO(l) with slag composition for FCS slags have been reported and show 
that FeOx/SiO2 (w/w) ratio has little impact on γSnO(l), in contrast to the CaO content 
where it increases as the CaO content increases.  Tin oxide appears to behave as a 
“neutral” oxide.  The limiting activity coefficient of tin in copper will be taken as 
0.12.   
 
Indium speciation in slag remains uncertain.  Indium distribution between slags and 
molten copper has not been reported, but there is limited data for molten lead 
systems.  The value of γInO(g) for FeOx-CaO-SiO2-8 wt% Al2O3 slag at 1200 °C with 
oxygen partial pressure between 10-12 atm and 10-10 atm is between 4 x 10-8 and  
3 x 10-7.   The trends in γInO(g) in FCS slags are uncertain due to disagreements in the 
literature.  The acid/base character of indium oxide remains unknown.  The limiting 
activity coefficient of indium in copper accepted for this work is 0.32. 
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4.  Research Questions 
 
The literature survey has shown that waste electronic goods (WEEE) should no 
longer be landfilled because they contain hazardous materials.  Moreover, WEEE 
contains significant amounts of valuable metals whose natural sources are being 
rapidly depleted.  As a result, WEEE needs to be collected and processed to recover 
as many of these metals as possible.  Reprocessing WEEE often involves 
pyrometallurgy, but the design of smelting flowsheets to maximise minor element 
recovery is hindered by a lack of basic data on the way these minor elements 
distribute between phases under scrap smelting conditions. 
 
The literature survey also showed that smelting WEEE with copper scrap by the black 
copper method has many attractions.  Minor element distribution between slag and 
metal depends on the composition of the slag, with potential slags belonging to the 
Cao-SiO2-FeOx system.  It was decided to focus attention on two valuable minor 
elements – tin and indium.  There was shown to be some information on tin 
distribution but very little on indium distribution. 
 
The research questions for this work are therefore; 
 
1. in which oxidation states are tin and indium present in these slags?  
 
2. how do the distribution ratios of tin and indium vary with wt% CaO at 
constant Fe/SiO2 ratio? 
 
3. how do the distribution ratios of  tin and indium vary with Fe/SiO2 ratio at 
constant wt% CaO? 
 
4. what is the form of the iso-distribution ratio lines for tin and indium over the 
slag liquid field? 
 
5. what is the form of the iso-activity coefficient lines for tin and indium over the 
slag liquid field? 
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5.   Experimental Methodology 
 
The experiments performed involved the classical three-phase equilibration method, 
in which slag and metal in a crucible were contacted with a gas having a known 
oxygen partial pressure.  Equilibrium was approached from both sides by adding 
either a small amount of tin and/or indium oxide into FCS slag or adding a small 
amount of tin or indium into the copper.  This was done to increase the certainty that 
the true equilibrium position had been reached.  All experiments were conducted at 
1300 °C, but at different oxygen partial pressures and for different contact times.   
The experiments in which the oxygen partial pressure was varied, but all other 
variables were constant, were performed to determine the oxidation state of the minor 
element present in the slag.  The experiments in which the contact time was varied, 
where the oxygen partial pressure was constant but the slag composition was varied, 
were also used to ensure that the system had reached equilibrium.  After equilibration, 
samples of slag and copper were sent to an analyst to be analysed using inductively 
coupled plasma atomic emission spectrometry (ICP-AES). 
 
5.1. Materials 
  5.1.1 Metal and Oxide 
 
The copper used in the experiments was high conductivity electrical wire.  
Tin granules and indium beads of at least 99% purity were used as the source of tin 
and indium metal. The tin granules were supplied by Chem-Supply and the indium 
beads by Sigma Aldrich. 
 
Tin oxide SnO2 of at least 90% purity from BDH Chemicals Ltd was used as the 
source of tin oxide.  Indium oxide containing at least 99% In2O3 was obtained from 
Sigma Aldrich.  
 
Master slags were prepared from magnetite powder (Fe3O4) of 98% purity, lime 
(CaO) which was made by decomposing calcium carbonate of 99% purity, silica 
Minor Elements Distribution during   
the Smelting of WEEE with Copper Scrap 
 78 Alicia Anindya   
(SiO2) which was prepared by grinding fused silica tubing in a ring mill and  
copper (I) oxide Cu2O of 90% purity.  APS Ajax Finechem stated that the maximum 
limits of impurities in the copper (I) oxide included chlorine 1.5%, potassium 
0.008%, and Sodium 0.3%. 
 
  5.1.2 Gases 
 
Gas mixtures to provide a gas of known oxygen partial pressure were prepared from 
the following gases, all supplied by Coregas. 
 
• ‘food-grade’ carbon dioxide, CO2, of 99.5% purity 
• carbon monoxide, CO, of 99.5% purity – the major impurity being nitrogen, and 
• a specialty gas mixture containing 5% CO with the balance being N2. 
 
  5.1.3 Crucibles 
 
Two different sizes of cylindrical high density magnesia crucibles (99.4 wt% MgO) 
were used in the experiments, both supplied by Ozark Technical Ceramics in the 
USA.  Master slags were prepared in the larger crucibles of 50.8 mm outside diameter 
and height and a wall thickness of 3.05 mm.  Equilibration experiments were 
performed in the smaller crucibles of 17.8 mm outside diameter, 29.5 mm height and 
2.54 mm wall thickness.  All magnesia crucibles were ‘single use’ as they had to be 
broken to remove the slag, which adhered to the walls of the crucible as a result of 
slag attack.  
 
Two alumina crucibles were used, one as the base seat and another as the cover for 
the equilibration sample to minimise losses through volatilisation (Figure 5.1.1). This 
cover technique was first used by Louey (1999). These crucibles were supplied by 
Ceramic Oxide Fabricators.  The alumina crucible (or ceramic circular dish) used for 
the base seat was 45 mm diameter and 20 mm height.  The cover crucible was 30 mm 
diameter and 45 mm height.   
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Figure 5.1.1. Crucible arrangement for minor element distribution experiments 
 
5.2.  Equipment  
 
  5.2.1 Furnace  
 
A diagram of the experimental apparatus is shown in Figure 5.2.1, with more details 
of the vertical tube furnace in Figure 5.2.2.  The tube was an open-ended alumina 
tube with outer diameter of 65 mm, wall thickness of 3 mm and a height of 1 m. The 
ends are sealed by aluminium end-caps fitted with high temperature Viton O-rings.   
A small cooling fan was installed facing each end-cap to prevent the O-rings breaking 
down due to overheating.  The furnace had six vertical silicon carbide heating 
elements and was fitted with an alumina-sheathed platinum/platinum-13% rhodium 
thermocouple, referred as the ‘internal thermocouple’, that was connected to a 
Shimaden FP93 temperature controller.  The internal thermocouple was located 
outside the furnace tube and close to the heating elements to minimise the controller 
response dead-time.  The heating elements were surrounded by foamed zirconia to 
provide insulation and protection. 
Inverted 
alumina 
crucible Magnesia crucible 
containing sample 
Alumina 
crucible 
containing 
alumina 
powder 
Slag 
Copper 
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Figure 5.2.1. Equipment set up. 
 
 
The gas is passed to the furnace via stainless steel tubing piping and enters through 
the top end cap and exits from the bottom end cap.  The gas flowrates were controlled 
by a “Sevenstars–D08–4F” four channel mass flow controller (Figure 5.2.3).  Prior to 
the mass flow controller, each gas was cleaned using molecular sieves, a Varian – 
CP17971 for water vapour and a Varian – CP17970 for oxygen.  The outlet water 
vapour content is less than 0.1 ppm H2O while the outlet oxygen content is less than 
50 ppb O2.Depending on the colour of the indicator, or within one year of installation, 
whichever is the sooner, the filter needs to be replaced. The colour indicator is 
detailed in the top cap (Figure 5.2.4). At the outlet a gas bubbler containing di-n-butyl 
phthalate was used to prevent back diffusion of oxygen from the atmosphere.  The 
partial pressure of oxygen in air is 0.21 atm but in the furnace it is only about  
10-7 atm, so the driving force for oxygen back-diffusion is very high. 
 
a. Gas source (CO2) 
b. Gas source (CO) 
c. Gas clean moisture filter 
d. Gas clean oxygen filter 
e. Four channels MFC 
f. Furnace 
 a b 
c 
c 
d 
d 
e 
 f 
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Figure 5.2.2. Vertical tube furnace 
 
 
 
Figure 5.2.3. Four channel mass flow controller 
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Figure 5.2.4. Varian gas clean moisture, CP17971 with colour indicator  
(left – non-saturated filter, right – saturated filter)  
 
The furnace bottom end cap has an entry point for an alumina stalk to lift the sample 
into the hot zone of the furnace.  The entry point is sealed with a Viton O-ring to 
prevent gas leakage and is fitted with an adjustable brass fitting so that it is possible 
to move the alumina stalk.  The alumina stalk was a closed-one-end tube so that an 
external thermocouple could be slid up the tube until it terminated close to the sample 
crucible and could therefore monitor sample temperature.  An alumina platform was 
attached with ceramic cement to the closed end of the stalk to support the crucible 
assembly. 
 
    5.2.2 Furnace Hot Zone 
 
The furnace was heated until the external thermocouple indicated that the sample 
platform was at 1300 °C.  At this point the temperature reading at the internal 
thermocouple adjacent to the elements was 1370 °C.  The hot zone of the furnace was 
determined by the external thermocouple which was moved by 10 mm increments 
within the aumina stalk along the height of the furnace tube.  The external 
thermocouple was left in each position for 5 minutes before each reading was taken to 
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ensure that thermal equilibrium was achieved. The results are given in Figure 5.2.5.  
The hot zone was found to be between 56 cm and 59 cm from the bottom end cap.  
The sample crucible was always placed within this even temperature hot zone. 
 
 
Figure 5.2.5. Temperature profile of the vertical tube furnace 
 
  5.2.2 Gas Flow Rate Calibration 
 
The mass flow controllers had calibration charts for various gases, which gave the 
flowrate as a function of the reading on the flowmeter.  Nevertheless, the mass flow 
controller was calibrated using a 100 cm3 bubble flow meter to check the flowrates.  
The error in the burette volume was stated to be 0.2 cm3 (0.2%) and the error in 
reading the volume was estimated to be 0.2 cm3 (0.2%).  The time required for each 
gas to reach 100 cm3 was measured to ±0.1 sec (0.1%). The total relative error in 
measuring the gas flow rate was therefore 0.5%. 
 
Hot zone 
(± 2 °C) 
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  5.2.3 Furnace Oxygen Partial Pressure  
 
A gas mixture of pure CO2 and pure CO or 5% CO balance N2 was used to control the 
oxygen partial pressure (pO2) in the furnace.  The ratio of volumetric flow of CO2 to 
CO was calculated with equation 5.2.3 and the values are summarised in Table 5.2.1. 
 
For equilibrium reaction of, 
Equation 5.2.1 
 
 
The equilibrium constant, K for the reaction is,  
 
Equation 5.2.2 
 
 
The equilibrium constant, K, at 1300 °C is 71140 (HSC Chemistry 5.1, 2002), thus  
 
Equation 5.2.3 
 
Table 5.2.1. CO2/CO ratios to product the required oxygen partial pressure. 
Oxygen partial pressure (pO2) (atm) CO/CO 2  ratio 
1 x 10-6 71.1 
1 x 10-7 22.5 
1 x 10-8 7.1 
3 x 10-9 3.9 
 
Oxygen partial pressures of 10-8 atm and 10-9 atm were produced using CO2 and CO 
gases, but the flowrate of CO required for 10-7 atm and 10-6 atm was so small that 
significant errors would result in the flowrate and therefore the oxygen partial 
pressure.  In these cases a mixture gas of 5% CO balance N2 was used in place of  
pure CO.    
 
The total gas flow rate into the furnace was always greater that 400 cm3/min to 
minimise the effects of thermal segregation.   
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The oxygen partial pressure inside the furnace is much smaller than that of the 
atmosphere surrounding the furnace.  This creates a very large driving force for the 
diffusion of oxygen from the surrounding air into the furnace.  In order to prevent 
this, all seals and connections were checked for leakage using soapy water.  For the 
same reason the outlet gas was passed through a flexible silicone tube connected to a 
gas bubbler containing di-n-butyl phthalate (DBP).  DBP was used because it is inert 
and has a very low vapour pressure (0.01 mm Hg at 20 °C).  
 
Once the furnace and the connections were checked for leakage, and before 
conducting any experiment, the oxygen partial pressure in the furnace was checked 
using a SIRO2 C700+ solid zirconia electrolyte oxygen sensor supplied by Ceramic 
Oxide Fabricators of Bendigo, Victoria.  The oxygen probe was installed through the 
top end cap of the furnace with Viton O-rings to ensure gas tightness.  Reference air 
was supplied to the probe head at a rate of 10 cm3/min by a small aquarium pump 
through a flexible silicone tube.  The EMF generated was measured by a Keithly high 
impedance digital voltmeter and used to calculate the oxygen partial pressure using 
equation 5.2.5.  The Nernst equation for such a concentration cells is; 
 
Equation 5.2.4 
where: 
E = sensor electromotive force, (mV) R = gas constant 
T = temperature, (Kelvin)   n = number of charges 
F = Faraday constant    p = partial pressure (mole fraction) 
 
When air is the reference gas then this simplifies to; 
 
Equation 5.2.5 
 
The EMF reading and the calculated oxygen partial pressure are summarised in Table 
5.2.2.  The expected error in oxygen partial pressure is discussed in Section 5.7.  
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Table 5.2.2. EMF reading from the oxygen probe calibration 
EMF Reading  
(mV) 
pO2 Range 
(atm) 
413 – 417 9.5 x 10-7 –  1.1 x 10-6  
492 – 497  8.9 x 10-8 – 1.0 x 10-7  
569 – 572 9.8 x 10-9 – 1.1 x 10-8 
609 – 613 2.9 x 10-9 – 3.3 x 10-9 
 
5.3.  Experimental Plan 
 
The series of experiments to be conducted were: 
 
• experiments at a fixed slag composition, varying contact time, to allow the 
time required to reach equilibrium to be determined.  
 
• experiments at a fixed slag composition, but with two series of experiments. 
One series used minor element oxide added to the slag side while the other 
series used minor element added to the copper. This allow equilibrium to be 
approached from “both directions” so it could be certain that true equilibrium 
had been attained. 
 
• experiments at a fixed slag composition at different oxygen partial pressures 
to determine the oxidation state of tin and indium in slag. 
 
• experiments with varying slag composition across the liquid field of ferrous 
calcium silicate slag, varying the Fe/SiO2 ratio at constant wt% CaO  
(Figure 5.3.1).  
 
• experiments with varying slag composition across the liquid field of ferrous 
calcium silicate slag, changing the slag compositions by varying wt% CaO at 
constant Fe/SiO2 ratio (Figure 5.3.2). 
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Figure 5.3.1. Experimental plan – constant wt% CaO, varying Fe/SiO2 ratio 
 
 
 
Figure 5.3.2. Experimental plan – constant Fe/SiO2 ratio, varying wt% CaO 
Minor Elements Distribution during   
the Smelting of WEEE with Copper Scrap 
 88 Alicia Anindya   
5.4.  Preparation of slags and copper alloys 
  5.4.1 Master Slags 
 
For each set of experiments, a batch of master slag was made to ensure constant slag 
composition. Master slag was prepared from CaO, SiO2, Cu2O, and Fe3O4 that were 
ground and mixed using a mortar and pestle.  Lime (CaO) was made by calcining 
CaCO3 at 1000 °C in air for 2 hours in a muffle furnace, then storing it in a desiccator 
to keep it dry.  It was always dried at 150 °C for 1 hour before weighing. The total 
mass of each batch was 70 grams and the composition was calculated to give a 
Fe/SiO2 ratio between 0.8 and 2.0 and a CaO content between 5 and 30%.  
 
Slag mix was packed into a magnesia crucible, mounted on the stalk and raised into 
the hot zone of the tube furnace. A gas mixture with the oxygen partial pressure that 
would be used in the experiments was then passed into the furnace.  The furnace 
temperature was raised to 600 °C over 30 minutes, then to 1000 °C  over 45 minutes, 
then to 1300 °C over 1 hour 15 minutes.   It was held in the furnace at 1300 °C for at 
least 6 hours.  The heating curve for the master slag preparation is shown in  
Figure 5.4.1.    
 
 
Figure 5.4.1. Heating curve for master slag experiment. 
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After the melting and equilibration period the slag sample was lowered to the cool 
zone to achieve rapid cooling, leaving the gas flowing into the furnace to prevent any 
change in Fe3+/Fe2+ ratio and also to increase cooling rate.  The cooled crucible 
containing melted slag was broken up, the pieces of crucible removed and then 
ground using a ring mill to achieve homogeneity.  A sample of the slag was sent for 
analysis.   
 
The master slag compositions are summarised in Table 5.4.1 and Figure 5.4.2.  
Master slag OS011, OS012, and OS018 failed due to high lime content. The crucible 
collapsed on cooling and this will be explained further in Section 5.5 (experimental 
limitations and problems). Also, from the table, it can be seen that all slags contained 
a very similar proportion of magnesia, absorbed by attack of the crucible. 
 
 
Table 5.4.1. Master slag composition 
   Cu   CaO   Fe   SiO2   MgO  
OS007 <0.005 16.7 31.7 26.6 7.8 
OS008 2.1 17.4 34.0 20.7 5.7 
OS011 (fail)  (30.0) (30.6) (25.4)  
OS012 (fail)  (30.0) (30.6) (25.4)  
OS015 1.8 4.4 33.1 30.1 7.2 
OS016 1.7 17.7 31.8 22.5 6.4 
OS017 1.9 12.9 33.2 27.5 6.9 
OS018 (fail)  (35.0) (28.3) (23.6)  
OS019 1.7 13.2 26.1 34.2 7.9 
OS020  1.7 13.3 28.9 31.7 7.4 
 
*The values in the bracket are failed experiments and are taken from the original composition – they 
were not analysed.  
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Figure 5.4.2. Liquid region of FeO-Fe2O3-SiO2-CaO at 1300 °C and pO2 = 10-7 atm 
with experimental slag compositions. 
 
  5.4.2 Copper Master Alloy 
 
Copper master alloys containing approximately 5 wt% tin and 5 wt% indium were 
made by melting the metals in the tube furnace at 1300 °C under nitrogen gas.  The 
alloy was analysed and found to contain 5.4 wt% tin and 5.2 wt% indium. 
 
5.5.  Experimental Procedure 
 
Two series of experiments were conducted to allow equilibrium to be approached 
from “both directions” so it could be certain that true equilibrium had been attained. 
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• Cu/(master slag+SnO+In2O3) 
This series contained 5 grams of copper metal and 5 grams of slag containing 
1.2 wt% SnO (~1 wt% Sn) and 1.2 wt% In2O3 (~1 wt% In) 
 
• (Cu+copper master alloy)/master slag 
This series contained 4 grams of copper metal and 1 gram of copper-tin-
indium alloy and 5 grams of tin-indium-free master slag.  
 
Each distribution experiment was performed in a small magnesia crucible seated on 
an alumina crucible containing alumina powder. Possible loss of minor elements 
through volatilisation of tin and indium metal or oxides was minimised by having an 
upturned larger alumina crucible over the sample crucible.  The crucible arrangement 
is shown in Figure 5.1.1 The assembly was then mounted on the stalk and raised into 
the furnace hot zone. 
 
The heating curve used was the same as that for the master slags (Figure 5.4.1).   
Slow heating was necessary to minimise thermal shocking of the crucibles.  The time 
at 1300 oC was 4, 6, 8, 12, and 16 hours so that it could be ascertained that 
equilibrium had been achieved.   After the equilibration period the furnace power was 
switched off and the slag sample was immediately lowered to the cool zone. 
 
The cooled sample was removed from the furnace, broken up and separated from the 
crucible to recover both copper metal and slag.  Copper was cleaned using a rotary 
sander and divided into half using a hacksaw before analysis.   Slag was ground using 
a ring mill to achieve homogeneity, and then it was sieved to remove copper flake 
contamination.  Half of the copper sample and approximately 1 gram of slag were 
sent to an outside company for analysis using the ICP-AES method. 
 
5.6.  Experimental Limitations and Problems 
 
Some problems were experienced during master slag preparation and minor element 
distribution experiments. 
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• slag composition is limited by the liquidus region in the copper-saturated  
CaO-SiO2-FeOx system.  
 
• master slags of high lime content, near the dicalcium silicate saturation phase 
boundary, could not be produced because the crucibles collapsed on cooling.  The 
result was that slag was heavily contaminated by the alumina powder which 
formed the bed onto which the crucible was placed.  Crucible collapse was caused 
by the precipitation of dicalcium silicate, which undergoes a large volumetric 
expansion (12%) on cooling (Hallsten, 2007).  
 
• the Fe/SiO2 ratio was difficult to control due to iron oxide absorption by the 
magnesia crucible.  The higher the target Fe/SiO2 ratio the greater the decrease of 
the ratio during slag preparation.  Other crucible materials were tried, including an 
alumina crucible, an alumina crucible coated with chromium oxide and a zirconia 
crucible.  All failed.  The alumina crucible was severely attacked, and a chromium 
oxide layer failed to provide protection.  The zirconia crucible was so severely 
attacked that it collapsed (Figure 5.6.1).  Although MgO crucibles were not an 
ideal container, they had to be used (Jung et al., 2004). 
 
 
Figure 5.6.1. Zirconia crucible attacked by the slag 
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• the available oxygen partial pressure range was limited by the minimum detection 
limits for tin and indium.  At too low an oxygen partial pressure the tin and 
indium contents of the slag were below the minimum detection limits.  At too 
high an oxygen partial pressure they were below the minimum detection limits in 
the copper metal.  The minimum detection limits are listed in Section 5.7. 
 
• copper entrainment in the slag was difficult to prevent.  Most entrained copper 
was removed by fine sieving the slag sample after grinding – the copper particles 
becoming flattened.  However, some copper probably remained and caused 
systematic errors in the analyses.   
 
5.7.  Chemical Analysis 
 
All samples were analysed using the inductively coupled plasma atomic emission 
spectrometry method.  Slag samples were analysed for copper, minor elements  
(tin and indium), lime, total iron, silica, and magnesia.  Metal samples were analysed 
for copper and minor elements (tin and indium).   The methodology was; 
 
• a finely ground slag sample was fused in sodium peroxide, then tin and 
indium was leached into solution using hydrochloric acid.  
 
• the copper metal sample was dissolved in hydrochloric and nitric acid. 
 
The solution was transferred to a volumetric flask, diluted to the mark and an aliquot 
taken.  The aliquot was further diluted in a volumetric flask with an internal standard.  
The diluted sample was analysed using ICP – atomic emission spectrometer against 
standards of similar matrix containing the internal standard and prepared from 
commercial standard solutions.  The minimum detection limits of the instrument used 
for analysis are summarised in Table 5.7.1. 
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Table 5.7.1. Minimum detection limit of the instrument for analysis 
Substance Minimum detection 
limit of instrument 
(ppm) 
Ca 7 
Si 500 
Mg 8 
Cu 90 
Fe 70 
In 1000 
Sn 900 
 
5.8.  Error analysis 
 
The error in the distribution ratio appears to only be a function of the errors in the 
concentrations of the minor element in the two phases.  However, the distribution 
ratio as measured will also differ from the “true” value at the nominated temperature 
and oxygen partial pressure by the errors in these two terms as well.  The distribution 
ratio of element X (LX) is given by equation 5.8.1; 
 
 Equation 5.8.1 
 
For a given slag composition and solvent metal (copper in this work) the terms (nT), 
[nT], [X] and (XOv) are constant so the value of LXs/m is clearly affected by; 
 
• (X%) and [X%] i.e. the concentrations of metal in slag and copper, 
 
• the oxygen partial pressure, which is a function of the flowrates of CO2 and 
CO, and 
 
• the value of the equilibrium constant K1, which is a function of temperature. 
 
( )
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  5.8.1 Furnace Temperature 
 
During hot zone calibration, it was found that the furnace has a 4 cm long hot zone 
and  it was estimated that the temperature could vary by a maximum of ±3 °C over 
this length.  The relative error caused by temperature variation is calculated from the 
resulting variation in K.  Previous research on tin mentioned that tin can be present as 
SnO or SnO2 depending on the oxygen partial pressure of the system.  In the case of 
indium there is a dispute regarding the state of indium present in the slag, i.e. whether 
it is InO or In2O3.  For oxidation reactions of Sn/SnO, Sn/SnO2, In/InO, and In/In2O3, 
the equilibrium constants (K) and the relative errors as a result of temperature 
variation are summarised in Table 5.8.1.  Depending on the results on varying oxygen 
partial pressure experiments to determine in which state the element is present in slag, 
the correspondent relative error will be used. 
 
Table 5.8.1. Relative error and equilibrium constant (K) for the elements oxidation 
reactions (HSC Chemistry 5.1, 2002). 
Equilibrium constant (K) Reaction 
1297°C 1300°C 1303°C 
Relative Error 
(%) 
Cu + 0.25 O2(g)  CuO0.5 7.90 7.83 7.76 0.9 
     
Sn + 0.5 O2(g)  SnO 1.82E+04 1.75E+04 1.68E+04 4.0 
     
Sn + O2(g)  SnO2 2.19E+08 2.02E+08 1.86E+08 8.2 
     
In + 0.5 O2(g)  InO(g) 7.16E-03 7.33E-03 7.51E-03 2.4 
     
In + 0.75 O2(g)  0.5 In2O3 9.69E+06 9.07E+06 8.49E+06 6.6 
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  5.8.2 Gas Composition 
 
Gas flow rates into the furnace were controlled by a mass flow meter and a controller.   
The relative error in the mass flow meter is quoted as 1%. This value is then used to 
calculate the fluctuation in the gas flow rates and to determine the adjusted oxygen 
partial pressure. The bottom limit of oxygen partial pressure range is calculated from 
raising CO flow rate by 1% and dropping CO2 flow rate by 1%.  The upper limit of 
oxygen partial pressure range is calculated from the reverse, dropping CO flow rate 
by 1% and raising CO2 flow rate by 1%.  The fluctuation of the oxygen partial 
pressure is compared to the original oxygen partial pressure to calculate the relative 
error. The oxygen partial pressure relative error is found to be 4%. Table 5.8.2 
summarises the variation in oxygen partial pressure.  This value is also compared to 
the oxygen partial pressure calculated from observing the variation in oxygen probe 
EMF that was explained in earlier Section 5.2.4.  The values, summarised in  
Table 5.8.2 are in good agreement.  
 
Table 5.8.2. The range of oxygen partial pressure – calculated with relative error of 
gas flow rate compare to value measured using oxygen probe 
 
Target pO2 Relative error calculated 
pO2 Range 
Relative 
Error 
Oxygen probe measured  
pO2 Range 
(atm) (atm) (%) (atm) 
1 x 10-6 9.61 x 10-7 – 1.04 x 10-6 4 9.5 x 10-7 –  1.1 x 10-6  
1 x 10-7 9.61 x 10-8 – 1.04 x 10-7 4 8.9 x 10-8 – 1.0 x 10-7  
1 x 10-8 9.61 x 10-9 – 1.04 x 10-8 4 9.8 x 10-9 – 1.1 x 10-8 
3 x 10-9 2.88 x 10-9 – 3.12 x 10-9 4 2.9 x 10-9 – 3.3 x 10-9 
 
  5.8.3 Sample Analysis 
 
The absolute instrument errors in ICP-AES analysis are listed below in Table 5.8.3.  
The relative error for an analysis result is calculated using equation 5.8.2.  Total 
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relative error from analysis of result for each experiment is the sum of the relative 
error in wt% X in slag and relative error in wt% X in metal. 
 
Table 5.8.3. Absolute instrument errors 
Element Absolute error 
(wt%) 
CaO 0.1 
SiO2 0.2 
MgO 0.1 
Cu 0.02 
Fe 0.1 
In 0.02 
Sn 0.02 
 
    
Equation 5.8.2 
 
 
An example of the calculation is shown below and it is taken from the average of 
analysis results from experiment batch ‘OS016’.   
 
Table 5.8.4 summarises the analysis results on tin and Table 5.8.5 summarises the 
analysis results on indium.  
 
100%x 
analysis fromelement  wt%
error absolute  wt%
 error  Relative =
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Table 5.8.4. Analysis results of tin in slag and in copper metal and summary of error 
from analysis. 
 
Batch OS016 Time  Sn in  Sn in  Error From Analysis 
System (hrs) 
slag 
(ppm) 
Cu 
(ppm) 
Sn in 
slag 
Sn in 
Cu 
LSn 
error 
Cu/(OL+SnO+In2O3) 6 2900 7800 7 3 9 
Cu/(OL+SnO+In2O3) 6 3100 6900 6 3 9 
Cu/(OL+SnO+In2O3) 8 2400 7700 8 3 11 
Cu/(OL+SnO+In2O3) 8 2900 7600 7 3 10 
Cu/(OL+SnO+In2O3) 16 1900 8200 11 2 13 
Cu/(OL+SnO+In2O3) 16 2500 7400 8 3 11 
(Cu+Sn+In)/OL 6 2300 9100 9 2 11 
(Cu+Sn+In)/OL 6 2600 8500 8 2 10 
(Cu+Sn+In)/OL 8 2100 8700 10 2 12 
(Cu+Sn+In)/OL 8 2600 9500 8 2 10 
(Cu+Sn+In)/OL 16 1600 9400 13 2 15 
(Cu+Sn+In)/OL 16 2100 8100 10 2 12 
 
Average  2400 8200 8 2 11 
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Table 5.8.5. Analysis results of indium in slag and in copper metal and summary of 
error from analysis. 
 
Batch OS016 Time  In in  In in  Error From Analysis 
System (hrs) 
slag 
(ppm) 
Cu 
(ppm) 
In in 
slag 
In in 
Cu 
LIn 
error 
Cu/(OL+SnO+In2O3) 6 5600 3400 4 6 9 
Cu/(OL+SnO+In2O3) 6 5700 2600 4 8 11 
Cu/(OL+SnO+In2O3) 8 5400 4100 4 5 9 
Cu/(OL+SnO+In2O3) 8 5200 2800 4 7 11 
Cu/(OL+SnO+In2O3) 16 5000 4900 4 4 8 
Cu/(OL+SnO+In2O3) 16 5500 3700 4 5 9 
(Cu+Sn+In)/OL 6 5900 4900 3 4 7 
(Cu+Sn+In)/OL 6 6000 4200 3 5 8 
(Cu+Sn+In)/OL 8 5000 4600 4 4 8 
(Cu+Sn+In)/OL 8 5700 4500 4 4 8 
(Cu+Sn+In)/OL 16 4500 5900 4 3 8 
(Cu+Sn+In)/OL 16 5500 4100 4 5 9 
 
Average  5400 4100 4 5 9 
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The average of indium concentration in slag is 5400 ppm and in metal is 4100 ppm.  
Substituting the value to equation 5.8.2 to calculate total relative error from analysis 
of result for indium, 
 
( )
( )
%9error L indium, oferror  relative Total
%9.43.7%error L indium, oferror  relative Total
%9.4metalin  indium oferror  Relative
%100
4100/10000
0.02
 metalin  indium oferror  Relative
%7.3slagin  indium oferror  Relative
%100
5400/10000
0.02
slagin  indium oferror  Relative
In 
In 
=
+=
=
×=
=
×=
 
 
The individual error for other experiments are summarised in appendix 10.1.  The 
average of the relative error in the distribution ratio for both tin and indium caused by 
analysis errors in all experiments is calculated to be 11%.    
 
  5.8.4 Total Relative Error in Distribution Ratio 
 
Finally, the total relative error in distribution ratio is the sum of the relative errors 
caused by variation in furnace temperature, fluctuation in gas flow rates, and sample 
analysis error.   
 
Total relative error is summarised in Table 5.8.6. 
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Table 5.8.6. Total relative error in distribution ratio 
Substance 
Oxidation 
state in slag 
Relative error caused by 
variation in furnace temperature 
(%) 
Total relative 
error 
(%) 
 
Tin (Sn) 
 
SnO 
 
3.6 
 
19 
Tin (Sn) SnO2 8.2 23 
Indium (In) InO(g) 2.4 17 
Indium (In) In2O3 6.7 22 
 
 
The total relative error of approximately 20% is large, but is typical of this type of 
experimental determination.  Half of the error is caused by errors in the chemical 
analysis of the slag and metal, but a more accurate analytical method for tin and 
indium was not available. 
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6.  Results and Discussion 
 
6.1.  Equilibration Time 
 
Two series of experiments were conducted to determine the reaction time required for 
the system to reach equilibrium.  One series used minor element oxides added to the 
slag while another series used minor elements added to the copper.  This allows 
equilibrium to be approached from “both directions”, so it could be certain that true 
equilibrium had been achieved.  When true equilibrium has been reached, the 
distribution ratio of minor elements, tin and indium, as well as copper will not change 
with time. 
 
Equilibrium time experiments were done for each batch master slag composition.  
The slag composition was varied across the liquid field of ferrous calcium silicate 
slag.  The experiments were run at 1300 °C, an oxygen partial pressure of 10-7 atm, 
and contact times varying from 4 to 16 hours. 
 
The distribution ratios of tin, indium and copper between FCS slag and copper metal 
were calculated using equation 5.8.1.  Equilibrium time experiments for tin and 
indium are explained in more detail below and experiments from master slag batch 
“OS016” are used as an example.  Master slag OS016 contained 31.8 wt% Fe,  
22.5 wt% SiO2, 17.7 wt% CaO, 6.4 wt% MgO and 1.7 wt% Cu.   
 
The results from analysis and the calculated distribution ratios of tin, indium, and 
copper between FCS slag and copper metal are summarised in Table 6.1.1.  It was 
found that after an equilibration experiment the Fe/SiO2 ratio had dropped from 1.4. 
to 1.2 due to iron absorption by magnesia crucible, and the lime content had changed 
from 17.7 wt% to 18.5 wt%.  
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Figure 6.1.1. Tin distribution ratio at pO2 = 10-7 atm, 1300 °C, master slag batch 
“OS016” 
 
Figure 6.1.2. Indium distribution ratio at pO2 = 10-7 atm, 1300 °C, master slag batch 
“OS016” 
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Figure 6.1.3. Copper distribution ratio at pO2 = 10-7 atm, 1300 °C, master slag batch 
“OS016” 
 
The results on tin distribution ratio between FCS slag and copper metal as a function 
of time are plotted in Figure 6.1.1, together with indicative relative error bars on one 
data point.  The results on indium for the same batch of experiments are plotted in 
Figure 6.1.2.  The dotted lines in both figures are indicative of the ‘apparent’ 
distribution ratios for times less than 4 hours and are only intended to show that 
equilibrium has been approached from both the slag side and the metal side.   
The results for copper distribution ratio for the same batch of experiments are plotted 
in Figure 6.1.3.  In this case all experiments approached equilibrium from the  
“metal side” because the slag contained very little Cu2O initially.   
 
The data on the plots for tin and indium are more scattered than on the plot for copper 
because the tin and indium concentrations in both phases are very small, therefore the 
relative errors in chemical analysis are large.  The copper concentration in the slag, on 
the other hand, is large so the relative analysis error is small.   
 
Minor Elements Distribution during  
the Smelting of WEEE with Copper Scrap 
 106 Alicia Anindya   
There are also some data points on Figure 6.1.1 that appear to be “high”.  This could 
be caused by copper entrainment in the slag because copper contained a much higher 
tin and indium content than the slag.  Most entrained copper was removed by fine 
sieving the slag sample after grinding – the copper particles becoming flattened.  
However, some copper probably remained and caused systematic errors in the 
analysis.  Furthermore, comparing distribution ratio graphs for tin (Figure 6.1.1) and 
indium (Figure 6.1.2), the points that are “high” on both graphs are from the same 
experiment. This supports the suggestion that copper entrainment may have occurred.  
Nevertheless, these ‘high” data points were not eliminated because they lie within the 
expected error bars.   
 
All figures show that equilibrium appears to have been reached, within experimental 
errors, after 6 hours.  It also appears that data for experiments where the equilibrium 
was approached from the “metal side” give the more reliable measurements of the 
distribution ratio in that they are closer to the mean ratio and somewhat less scattered.  
This observation may help resolve problems in deciding what the value of a 
distribution ratio is for badly scattered results. 
 
The average distribution ratios at an oxygen partial pressure of 10-7 atm and a 
temperature of 1300 °C for a slag having Fe/SiO2 (w/w) = 1.2 and wt% CaO = 18.5 
are; 
 
• LSn s/m = 0.30,  
• LIn s/m = 1.38, and  
• LCu s/m = 0.023  
 
The copper distribution ratio can be compared to literature data to provide validation 
of this result.  Yazawa and Takeda (1999) plotted the copper solubility in FCS slags 
at 1300 °C across a range of oxygen partial pressure (Figure 6.1.4).  The slag 
composition is described by the ratio of Q and R (wt% ratio).  The slag batch OS016 
has Q = 0.44, R = 0.48, and wt% MgO = 11.6.  This does not match any of the slags 
used by Yazawa and Takeda, however a copper content between 2 wt% - 3.5 wt% can 
be interpolated from their data.  This is equivalent to LCus/m = 0.02 – 0.035 since the 
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metal is essentially pure copper, and so is very close to the value of 0.023 found in 
the current work. 
 
 
 
Figure 6.1.4. Copper solubility in FCS slag in oxygen partial pressure range from 
iron saturation to Cu2O saturation (Yazawa et al., 1999) 
 
 
In conclusion, a minimum reaction time of 6 hours is required to ensure that 
equilibrium has been achieved for the sample geometry used in this work.  The 
copper distribution ratio can be compared to literature and the match is excellent. 
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6.2. Oxygen Partial Pressure 
 
  6.2.1 Tin 
 
It was shown earlier that it is well established that below oxygen partial pressures of 
approx. 10-7 atm tin exists in slag as SnO.  Above this oxygen partial pressure SnO2 
becomes increasingly important.  The oxygen partial pressures used in this work are 
mostly below that at which SnO2 is significant, however it was decided to perform a 
limited number of experiments to verify that it is acceptable to assume that tin is 
present as SnO in the slags used in this work.  The identity of the oxide needs to be 
established so that an appropriate activity coefficient can be defined and calculated. 
 
The experiments of tin distribution ratio for varying oxygen partial pressure at  
1300 °C were done with a master slag having an Fe/SiO2 ratio (w/w) of 1.2, which 
dropped to 1.04 after the distribution experiments, and a CaO content of 12.9 wt%, 
which was unaltered after the distribution experiments.  This composition was chosen 
to be in the middle of the liquidus field of FCS slag. The oxygen partial pressures 
used were between 10-8 atm to 10-6 atm, the range being limited by tin contents which 
became too low for reliable analysis in the slag at lower oxygen partial pressures or 
the copper at higher oxygen partial pressures.  The results are summarised in Table 
6.2.1 and plotted in Figure 6.2.1.  
 
The mean for total tin for all experiments after equilibration is calculated to be  
9560 ppm, with a standard deviation 860 ppm.  At the highest oxygen partial pressure 
lower totals are expected because the concentration of SnO in slag is the highest, and 
SnO is a relatively volatile species.  However, there are only two points at an oxygen 
partial pressure of 10-6 atm so both were included in the calculation of the mean total.  
They would have had very little influence on the mean value, but would have 
increased the standard deviation a little.  Data points that have a total tin value more 
than two standard deviations from the mean should be eliminated.  For this reason, 
the data for experiment SAE007 was rejected. 
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Table 6.2.1. Tin distribution ratios as a function of oxygen partial pressure at 1300 °C 
         and Fe/SiO2 (w/w) ≈ 1 and CaO ≈ 12.9 wt% 
 
 
pO2 experiment System Time  
Sn in 
slag 
Sn in 
Cu  
 Total 
tin 
(atm) no   (hrs) (ppm) (ppm) LSn s/m  (ppm) 
1.00E-06 SAE002 (Cu+Sn+In)/OL 16 4600 3800 1.21 8400 
1.00E-06 SAE004 (Cu+Sn+In)/OL 16 5700 2500 2.28 8200 
        
1.05E-07 TININ078 Cu/(OL+SnO+In2O3) 12 3200 7000 0.46 10200 
1.05E-07 TININ071 Cu/(OL+SnO+In2O3) 16 2200 7500 0.29 9700 
1.05E-07 TININ072 Cu/(OL+SnO+In2O3) 16 2300 7600 0.30 9900 
1.05E-07 TININ077 Cu/(OL+SnO+In2O3) 12 3700 6100 0.61 9800 
1.05E-07 TININ069 Cu/(OL+SnO+In2O3) 12 3400 6000 0.57 9400 
1.05E-07 TININ075 Cu/(OL+SnO+In2O3) 16 2900 6700 0.43 9600 
1.05E-07 TININ070 Cu/(OL+SnO+In2O3) 16 2800 6500 0.43 9300 
1.05E-07 TININ079 (Cu+Sn+In)/OL 12 2400 8400 0.29 10800 
1.05E-07 TININ076 (Cu+Sn+In)/OL 16 2500 8300 0.30 10800 
1.05E-07 TININ073 (Cu+Sn+In)/OL 16 2700 7900 0.34 10600 
1.05E-07 TININ074 (Cu+Sn+In)/OL 16 2400 7800 0.31 10200 
        
1.00E-08 SAE005 Cu/(OL+SnO+In2O3) 16 1100 8300 0.13 9400 
1.00E-08 SAE007 Cu/(OL+SnO+In2O3) 16 2200 5600 0.39 7800 
1.00E-08 SAE006 (Cu+Sn+In)/OL 16 1300 8100 0.16 9400 
1.00E-08 SAE008 (Cu+Sn+In)/OL 16 1700 7300 0.23 9000 
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Figure 6.2.1. Tin distribution (LSn s/m)  as  a function of pO2 (atm) – 1300 °C  and  
Fe/SiO2  (w/w) ≈ 1 and CaO ≈ 12.9 wt%. 
 
 
The mean and standard deviation of  LSn s/m was then calculated from the accepted 
results for each oxygen partial pressure.  The results are summarised in Table 6.2.2. 
For results at oxygen partial pressures of 10-6 atm and 10-8 atm the standard 
deviations were not calculated because they would be meaningless for such small data 
sets.  At an oxygen partial pressure of 10-7 atm, there was no data outside the limits of 
two standard deviations from the mean, so all data in this set were accepted.   
The standard deviation is approximately 25% of the mean value, reflecting the 
expected magnitude of the experimental errors, as shown earlier. 
 
 
 
Minor Elements Distribution during  
the Smelting of WEEE with Copper Scrap 
 111 Alicia Anindya   
Table 6.2.2. Average and standard deviation of LSn s/m 
pO2 
(atm) 
Average 
of LSn s/m 
Standard Deviation 
of LSn s/m 
1.00E-06 1.745 - 
1.05E-07 0.393 0.114 
1.00E-08 0.175 - 
 
All accepted results on tin distribution as a function of oxygen partial pressure are 
plotted in Figure 6.2.2, together with experimental error and maximum – minimum 
slopes calculated by the “LINEST” function in Microsoft Excel 2003. 
 
 
 
Figure 6.2.2. Accepted results on tin distribution (LSn s/m) as a function of pO2 (atm) – 
1300 °C and Fe/SiO2 (w/w) ≈ 1 and CaO ≈ 12.9 wt%. 
*Relative error of the slope is 13.8%. 
 
The mean slope of the best-fit line on Figure 6.3.2 is 0.47, which is very close to the 
value of 0.5 which is expected if tin is present in slag as SnO. 
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Another master slag was used for a second series of experiments at varying oxygen 
partial pressures at 1300 °C.  The composition of this master slag was  
Fe/SiO2 (w/w) = 1.5 and wt% CaO = 18.5.  After distribution experiments the slag 
composition had changed to Fe/SiO2 (w/w) = 1.1 and wt% CaO = 20.5. The oxygen 
partial pressures used were between 3 x 10-9 atm and 10-7 atm, and the distribution 
results are summarised in Table 6.2.3. All results for this series are plotted in  
Figure 6.2.3.  
 
Table 6.2.3. Tin distribution ratios as a function of oxygen partial pressure at 1300 °C 
         and Fe/SiO2 (w/w) ≈ 1.1 and CaO ≈ 20.5 wt%. 
 
pO2 experiment System Time  
Sn in 
slag 
Sn in 
Cu  
(atm) no   (hrs) (ppm) (ppm)  LSn s/m 
1.12E-07 TIN027 Cu/(OL+SnO) 8 900 9200 0.098 
1.12E-07 TIN028 Cu/(OL+SnO) 8 900 8900 0.101 
      
 
1.10E-08 TIN022 Cu/(OL+SnO) 8 220 13200 0.017 
1.10E-08 TIN023 Cu/(OL+SnO) 8 250 13400 0.019 
1.10E-08 TIN024 (Cu+Sn)/OL 8 180 11900 0.015 
1.10E-08 TIN025 (Cu+Sn)/OL 8 210 13700 0.015 
      
 
3.12E-09 TIN029 Cu/(OL+SnO) 6 100 9600 0.010 
3.12E-09 TIN032 Cu/(OL+SnO) 6 300 10000 0.030 
3.12E-09 TIN038 Cu/(OL+SnO) 6 120 9800 0.012 
3.12E-09 TIN041 Cu/(OL+SnO) 6 150 9700 0.015 
3.12E-09 TIN033 (Cu+Sn)/OL 6 1300 8500 0.153 
3.12E-09 TIN035 (Cu+Sn)/OL 6 1400 8700 0.161 
3.12E-09 TIN039 (Cu+Sn)/OL 6 120 10100 0.012 
3.12E-09 TIN040 (Cu+Sn)/OL 6 110 9800 0.011 
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Figure 6.2.3. Tin distribution (LSn s/m) as a function of pO2 (atm) – 1300 °C, and 
Fe/SiO2 (w/w) ≈ 1.1 and CaO ≈ 20.5 wt%. 
 
 
The mean total tin content in slag and copper after the equilibration experiments is 
10,900 ppm and the standard deviation is 1,600 ppm.  All results are within two 
standard deviations of the mean, so no results can be rejected on the basis of this test.   
 
The mean and standard deviation of LSn s/m for each oxygen partial pressure was 
calculated and is summarised in Table 6.2.4.  
 
The standard deviation for 10-9 atm is very high, due to two very “high” data points; 
TININ033 and TININ035.  If the standard deviation found for the higher oxygen 
partial pressures is applied to this data set then both of these values are seen to be 
outside the acceptable range.  These very high values of LSns/m could be caused by 
copper entrainment in the slag because copper contained a much higher tin content 
than the slag.  Most entrained copper was removed by fine sieving the slag sample 
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after grinding, the copper particles having become flattened during grinding.   
However, some copper must have remained and caused a systematic error in the 
analyses.  These ‘high” data points (TININ033 and TININ035) were therefore 
eliminated.    
 
Table 6.2.4. Average and standard deviation of LSn s/m  
pO2 
(atm) 
Average 
of LSn s/m 
Standard Deviation 
of LSn s/m 
1.12E-07 0.099 0.002 
1.10E-08 0.016 0.002 
3.12E-09 0.015 0.007 
 
 
The accepted results are plotted in Figure 6.2.4. The best-fit line on Figure 6.2.4 was 
calculated using “LINEST” function in Microsoft Office Excel 2003.   
 
 
Figure 6.2.4. Accepted results on tin distribution (LSn s/m) as a function of oxygen 
partial pressure at 1300 °C and Fe/SiO2(w/w) ≈ 1.1 and CaO ≈ 20.5 wt%. 
  *Relative error of the slope is 17.2%. 
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The mean slope of the best-fit line on Figure 6.2.4 is 0.52, which is again very close 
to the expected value of 0.5. 
 
It can be concluded from the results above for both slags that, over the oxygen partial 
pressure range used in this work, tin can be taken to be present as SnO because the 
slopes of both lines on Figure 6.2.2 and Figure 6.2.4 are close to 0.5.  This result for 
FCS slags is in accord with the findings of Takeda (1983) and Nagamori (1977) for 
iron silicate slags.  However, it is contrary to the finding of Takeda (1983) for 
calcium ferrite slag and Gortais (1994) for calcium magnesium silicate slag.  They 
both presented data which was consistent with the presence of SnO2 in those slags at 
oxygen partial pressures between 10-8 atm  and 10-6 atm.   
 
In this work, for the purposes of defining an activity coefficients for “tin oxide” in 
FCS slags, it will be assumed that tin is present as SnO. 
 
  6.2.2 Indium 
 
The results for indium distribution ratio in which the oxygen partial pressure was 
varied at 1300 °C are summarised in Table 6.2.5.  The master slag composition had a 
Fe/SiO2 ratio (w/w) of 1.2 and a CaO content of 12.9 wt%.  It was found that after the 
distribution experiments the Fe/SiO2 (w/w) dropped to 1.04 as a result of interaction 
with the magnesia crucible, as described earlier, and the wt% CaO remained 
unchanged.  The oxygen partial pressure range used was from 10-8 atm to 10-6 atm.  
This range is limited on the more oxidising side by the low indium content of the 
copper and on the more reducing side by the low indium content of the slag.  The 
analytical error in indium analyses is too great at very small indium contents.  Some 
experiments were analysed by two different analysts, both being given different 
portions of slag and copper.  These data in Table 6.2.5 are denoted by a letter “B” at 
the end of the experiment number.  They show only minor differences between 
analysts, indicating that sampling errors are not significant.  All results, including the 
results from the second analysts, are plotted in Figure 6.2.5. 
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Table 6.2.5. Indium distribution ratio, 1300 °C and Fe/SiO2 (w/w) ≈ 1 and  
CaO ≈ 12.9 wt%. 
 
pO2 experiment  Time  
In in 
slag 
In in 
Cu  
Total 
indium 
(atm) no  System (hrs) (ppm) (ppm) LIn s/m (ppm) 
1.00E-06 SAE001 Cu/(OL+SnO+In2O3) 16 8500 700 12.14 9200 
1.00E-06 SAE003 Cu/(OL+SnO+In2O3) 16 8700 600 14.50 9300 
1.00E-06 SAE002 (Cu+Sn+In)/OL 16 8400 1000 8.40 9400 
1.00E-06 SAE004 (Cu+Sn+In)/OL 16 8400 800 10.50 9200 
1.00E-06 SAE001B Cu/(OL+SnO+In2O3) 16 8300 500 16.60 8800 
1.00E-06 SAE003B Cu/(OL+SnO+In2O3) 16 8300 400 20.75 8700 
1.00E-06 SAE002B (Cu+Sn+In)/OL 16 8400 800 10.50 9200 
1.00E-06 SAE004B (Cu+Sn+In)/OL 16 8700 700 12.43 9400 
        
1.05E-07 TININ078 Cu/(OL+SnO+In2O3) 12 6100 2800 2.18 8900 
1.05E-07 TININ071 Cu/(OL+SnO+In2O3) 16 5500 3700 1.49 9200 
1.05E-07 TININ072 Cu/(OL+SnO+In2O3) 16 5500 3600 1.53 9100 
1.05E-07 TININ077 Cu/(OL+SnO+In2O3) 12 6800 1700 4.00 8500 
1.05E-07 TININ069 Cu/(OL+SnO+In2O3) 12 6600 1900 3.47 8500 
1.05E-07 TININ075 Cu/(OL+SnO+In2O3) 16 6400 2700 2.37 9100 
1.05E-07 TININ070 Cu/(OL+SnO+In2O3) 16 6400 2600 2.46 9000 
1.05E-07 TININ079 (Cu+Sn+In)/OL 12 6600 3900 1.69 10500 
1.05E-07 TININ076 (Cu+Sn+In)/OL 16 5900 3900 1.51 9800 
1.05E-07 TININ073 (Cu+Sn+In)/OL 16 6500 3300 1.97 9800 
1.05E-07 TININ074 (Cu+Sn+In)/OL 16 5900 3300 1.79 9200 
        
1.00E-08 SAE005 Cu/(OL+SnO+In2O3) 16 3800 5400 0.70 9200 
1.00E-08 SAE007 Cu/(OL+SnO+In2O3) 16 6100 3200 1.91 9300 
1.00E-08 SAE006 (Cu+Sn+In)/OL 16 4500 5200 0.87 9700 
1.00E-08 SAE008 (Cu+Sn+In)/OL 16 5400 4300 1.26 9700 
1.00E-08 SAE005B Cu/(OL+SnO+In2O3) 16 3500 4600 0.76 8100 
1.00E-08 SAE007B Cu/(OL+SnO+In2O3) 16 5700 2800 0.88 8500 
1.00E-08 SAE006B (Cu+Sn+In)/OL 16 4200 4800 2.04 9000 
1.00E-08 SAE008B (Cu+Sn+In)/OL 16 5100 2900 1.76 8000 
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The column labelled “total indium” in Table 6.2.5 is used to check on the reliability 
of the measurements.  Equal masses of slag and copper were used in all experiments, 
so the sum of the indium contents of the slag and copper should equal that initially 
added i.e. 1 wt% = 10,000 ppm, if no volatilisation losses occurred.  Some 
volatilisation is expected, but abnormally low sums can be taken as evidence that the 
results for that experiment are suspect and should be discounted.  The mean of the 
total indium concentrations is 9122 ppm and the standard deviation is 539 ppm.  Any 
values below or above two standard deviations from the mean are suspect i.e. those 
below 8043 ppm and above 10200 ppm.  Two experiments gave a total indium sum 
out this range, TININ079 and SAE008B. 
 
 
Figure 6.2.5. Indium distribution (LIn s/m) as a function of oxygen partial pressure. 
 
For the results at an oxygen partial pressure of 10-6 atm, the mean LIn s/m is 13.2 and 
the standard deviation is 4.0 for a total of 8 data points.  There is no data in this set 
outside the range of two standard deviations from the mean, so no results are suspect 
in this set.  
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For the results at an oxygen partial pressure of 10-7 atm, the mean LIn s/m is 2.2 and the 
standard deviation is 0.8 for a total of 10 data points, one having been eliminated due 
to a high total indium sum.  The results on experiment TININ077 give an LIn s/m value 
outside the range of two standard deviations from the mean so this result is also 
rejected. 
 
For the results at an oxygen partial pressure of 10-8 atm, the mean  LIn s/m is 1.3 and the 
standard deviation is 0.6 for a total of 7 data points, one having been eliminated due 
to low total indium sum.   All data are within the acceptable range of two standard 
deviations from the mean, so on this basis no data points are eliminated.   
 
All the accepted results on indium distribution as a function of oxygen partial 
pressure are plotted in Figure 6.2.6. 
 
 
 
Figure 6.2.6. Accepted results on indium distribution (LIn s/m) as a function of oxygen 
partial pressure pO2  
*Relative error of the slope is 9.4%. 
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The best-fit line on Figure 6.2.6 was calculated using the linear least square 
regression function in Microsoft Office Excel 2003.  The slope was found to be 0.54.  
The “LINEST” function in Excel 2003 allowed the likely minimum and maximum 
slopes to be estimated.  They were calculated as 0.49 and 0.59 respectively and they 
are plotted in Figure 6.2.6 as red dotted lines.  The slope shows that indium is present 
in the slag as In2+ i.e. InO. 
 
Previous research on the oxidation state of indium in slag involved lead as the solvent 
metal – not copper.  However, there is no reason to expect that the oxidation state of 
indium in the slag should depend on the nature of the metal phase.  Hoang and 
Swinbourne (2007) found that the oxidation state of indium was In2+ i.e. that InO was 
dissolved in the slag.  On the other hand, Henao et al. (2010) claimed that his work 
showed that, over the same oxygen partial pressure range, the slope indicated by his 
data was 0.75 i.e. that indium was present in slag as In3+ or In2O3.  The results 
reported here support the conclusion of Hoang and Swinbourne (2007) and refute that 
of Henao et al. (2010).  The results were obtained in two different ways.  Those of 
Hoang & Swinbourne were obtained in the same way as those in this work i.e. the 
bulk phases were sampled and analysed by wet chemical methods.  Henao et al. 
(2010) used electron microprobe analysis on polished sections of slag and metal.  It is 
not apparent as to why this difference in technique should yield such different results. 
  
It is concluded that, over the oxygen partial pressure range of 10-8 atm to 10-6 atm and 
at 1300 oC, indium is present in the FCS slags in this work as In2+ i.e. as InO. 
 
6.3. Distribution Ratio as a Function of wt% CaO 
 
In this section, the distribution ratios of tin (LSns/m) and indium (LIns/m) at constant 
Fe/SiO2 (w/w) and varying wt% CaO are calculated and analysed.  It has been 
difficult throughout the experiments to control the final slag composition to a fixed 
Fe/SiO2 (w/w), even when a batch of master slag was made prior to the equilibration 
experiments.   It was decided that, for analysing the results at constant Fe/SiO2 (w/w), 
a maximum 5% tolerance from the mean Fe/SiO2 ratio (w/w) of the group for any 
individual data point would apply.  
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Two groups of Fe/SiO2 (w/w) with CaO (wt%) between 4.5% to 23.9% were 
identified : 
 
• Fe/SiO2 (w/w) = 0.86 ± 0.04 
• Fe/SiO2 (w/w) = 1.07 ± 0.05 
 
Unfortunately other potential data sets had too small a range of CaO contents.  Had 
they been analysed, the line of best fit through their data points would have been too 
unreliable to be useful. 
 
It is also a concern that the two available Fe/SiO2 (w/w) ratios are so similar.  This 
will make it difficult to determine the orientation of the iso-Lxs/m lines on the Kongoli 
phase diagram. 
 
  6.3.1 Fe/SiO2 (w/w) = 0.86 ± 0.043 
 
The results from analysis and the calculated distribution ratios of tin, indium, and 
copper between FCS slag and copper metal at Fe/SiO2 (w/w) = 0.86 are summarised 
in Table 6.3.1.   There are 13 data points.  The range of CaO contents is not very 
large, which is of concern.   
 
The data set was examined and two data points were eliminated. The results for 
experiment TININ040 was eliminated because the ‘total indium’ was abnormally low 
compared to the other experiments, being more than two standard deviations from the 
mean total indium for the group.  The results for experiment TININ086 were also 
eliminated because the distribution ratios for tin, indium, and copper were all 
abnormally high, being more than two standard deviations above the mean for the 
group, indicating that copper entrainment in the slag had probably occurred and 
caused this systematic error. There are therefore 11 accepted data points within this 
group and the results for tin are plotted in Figure 6.3.1, for indium in Figure 6.3.2, 
and for copper in Figure 6.3.3.   
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The data points for tin and indium show more scatter than for copper.  This is 
expected because the copper content of the slag is much higher than the tin and 
indium contents, so the relative analytical error is much less. 
 
All three graphs show that the distribution ratio decreases slowly as the CaO content 
rises.  There is some doubt about the reliability of these results, however, due to the 
rather small range of CaO contents represented. The slopes of the lines of best fit on 
the graphs for tin and copper are similar, as are the actual values of the distribution 
ratio. The slope of the best fit line for the indium data is higher, because the 
distribution ratio values are also an order of magnitude higher than those for tin and 
copper. 
 
 
 
 
Figure 6.3.1. Accepted results for LSn s/m as a function of wt% CaO at an  
Fe/SiO2 (w/w) ratio of 0.86. 
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Figure 6.3.2. Accepted results for LIn s/m as a function of wt% CaO at an  
Fe/SiO2 (w/w) ratio of 0.86.   
 
Figure 6.3.3. Accepted results for LCu s/m as a function of wt% CaO at an  
Fe/SiO2 (w/w) ratio of 0.86. 
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  6.3.2 Fe/SiO2 (w/w) = 1.07 ± 0.053 
 
The results for experiments at Fe/SiO2 (w/w) = 1.07 and variable wt% CaO are 
summarised in Table 6.3.2.  This set contains more data points (27) than the previous 
group.  The range of CaO contents is also much wider.  The results from the analysis 
of this set of data are therefore expected to be much more reliable than for the 
previous data set.    
 
The total tin range for two standard deviations from the mean value is 8270 ppm to 
11550 ppm; while the total indium range is from 7380 ppm to 10790 ppm.   The 
result of experiments TININ031 and TININ007 were therefore eliminated because the 
‘total tin’ values are outside this range.  The result of another experiment, TININ077, 
was also eliminated because all three distribution ratios are ‘high’ compared to other 
results in the group.  This again suggests that copper entrainment in the slag probably 
occurred and has caused a systematic error in the chemical analyses. 
 
The results for accepted data points are shown in Figure 6.3.4 for tin, Figure 6.3.5 for 
indium, and Figure 6.3.6 for copper.  
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Figure 6.3.4. Accepted results for LSn s/m as a function of wt% CaO at an  
Fe/SiO2 (w/w) of 1.07. 
 
Figure 6.3.5. Accepted results for LIn s/m as a function of wt% CaO at an  
Fe/SiO2 (w/w) ratio of 1.07. 
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Figure 6.3.6. Accepted results for LCu s/m as a function of wt% CaO at an  
Fe/SiO2 (w/w) ratio of 1.07. 
 
Again all three minor elements show a decrease in the distribution ratio as the CaO 
content increases, but this time the slopes of the best fit lines are much greater than 
for Fe/SiO2 (w/w) = 0.86.  For tin the slope is 13 times greater, for indium it is 5.3 
times greater and for copper the slope is 6.6 times greater. 
 
It is very unlikely that the Fe/SiO2 (w/w) ratio affects the distribution ratios so much. 
Furthermore, there is evidence from previous research by Nagamori and Mackey 
(1977), by See and Rankin (1981), and by Takeda and Yazawa (1989), that the 
distribution ratios of tin and copper are not affected much by the Fe/SiO2 (w/w) ratio.  
 
The two Fe/SiO2 (w/w) ratios are so similar that it can be hypothesised that both sets 
of data come from the same population i.e. that the Fe/SiO2 (w/w) ratio has no 
significant effect on the values of the distribution ratios for all three elements.  This 
hypothesis will be tested in the next section. 
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  6.3.3 Comparison of  Fe/SiO2 (w/w) = 0.86 and 1.07  results 
 
The accepted results from section 6.3.1 and 6.3.2 are presented together on the 
following three graphs, Figure 6.3.7, Figure 6.3.8, and Figure 6.3.9. 
 
If it is evident that both data sets cluster around a single line of best fit with no more 
scatter than was observed for the sets when plotted separately, then the previous 
hypothesis can be accepted i.e. that Fe/SiO2 (w/w) ratio has an insignificant effect of 
the distribution ratios over this range of Fe/SiO2 (w/w) ratios.  Because the combined 
data set is now large and covers a wide range of CaO contents, the slope of the best fit 
lines are much more likely to represent the true trend in distribution ratio with CaO 
content.  
 
 
 
 
Figure 6.3.7. Combined data sets for LSn s/m as a function of wt% CaO. 
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Figure 6.3.8. Combined data sets for LIn s/m as a function of wt% CaO 
 
Figure 6.3.9. Combined data sets for LCu s/m as a function of wt% CaO 
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It is clear that both data sets do come from the same population because the degree of 
scatter around the best fit lines is comparable to that seen when the two data sets are 
plotted separately. 
 
The slopes of the combined data sets are quite similar to that of the data set for 
Fe/SiO2 (w/w) = 1.07.  For tin the slope of the combined set is 0.72 times that for 
Fe/SiO2 (w/w) = 1.07, for indium it is 0.62 times and for copper it is 0.8 times.  
Considering the scatter in the data due to random experimental errors, the slopes are 
not significantly different for the combined data sets and the Fe/SiO2 (w/w) = 1.07 
data set. 
 
It is therefore reasonable to consider that these results support the proposal that all 
three distribution ratios are unaffected by the Fe/SiO2 (w/w) ratio and thus that the 
iso-L lines for tin, indium and copper will appear as horizontal lines on the Kongoli 
form of the copper-saturated CaO-SiO2-FeOx system. 
 
6.4. Distribution Ratio as a Function of Fe/SiO2 
 
In this section, the distribution ratio of tin (LSns/m) and indium (LIns/m) at constant  
wt% CaO = 13.0 ± 0.65 and varying Fe/SiO2 (w/w) are calculated and analysed. 
 
Based on the findings in the previous section i.e. that the Fe/SiO2 (w/w) has no 
significant effect on the values of the three distribution ratios over a small range of 
Fe/SiO2 (w/w) ratios, then it would be expected that these data sets would support 
that conclusion. 
 
Due to the difficulty in controlling the final slag composition, a 5% tolerance on the 
mean CaO content was applied to group the results.  Also there were limitations 
imposed by the experimental method used.   It was not possible to produce master 
slags of very high lime content due to dicalcium silicate formation which caused the 
slags to spontaneously disintegrate and the containment crucibles to collapse.  High 
Fe/SiO2 (w/w) ratios were also not achievable due to iron oxide absorption by the 
magnesia crucibles.  For these reasons, there was only a limited range of  
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Fe/SiO2 (w/w) ratios achievable.  The Fe/SiO2 (w/w) ratios available were between 
0.72 and 1.14.  This range is only a little wider than the Fe/SiO2 (w/w) range in the 
previous section i.e. from 0.86 to 1.07. 
 
The results of 23 experiments are summarised in Table 6.4.1.  Two results, those for 
experiments TININ080 and TININ080B, were eliminated because their ‘total indium’ 
contents are more than two standard deviations below the mean value of 6570 ppm.  
The mean total indium content for all experiments is well below the value of  
10,000 ppm expected from the amounts of indium added because significant indium 
volatilisation took place. 
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There are six other data points that seem high in copper.  These are TININ069, 
TININ070, TININ075, TININ077, TININ081, and TININ086.  Figure 6.1.4 shows 
that the maximum wt% Cu at an oxygen partial pressure of 10-7 atm is 3%.  The 
copper content in these six points is much higher than 3 wt%, strongly suggesting the 
presence of copper entrainment in those samples.  Due to this reason, those six points 
are rejected.  
 
All accepted results for tin are plotted in Figure 6.4.1 and Figure 6.4.3, for indium in 
Figure 6.4.3, and for copper in Figure 6.4.4.  
 
 
 
Figure 6.4.1. Accepted data for LSn s/m as a function of Fe/SiO2 (w/w) at 13 wt% 
CaO. 
 
 
There is an outlier on Figure 6.4.1, indicated with a “?”  It is considered that this data 
is very likely to have been affected by copper entrainment in the slag sample, so it 
will be eliminated.  The accepted data for LSn s/m is redrawn in Figure 6.4.2.  
? 
Minor Elements Distribution during  
the Smelting of WEEE with Copper Scrap 
 136 Alicia Anindya   
 
Figure 6.4.2. Accepted data for LSn s/m as a function of Fe/SiO2 (w/w) at 13 wt% 
CaO. 
 
 
The slope of the best fit line has changed very little as a result of the elimination of 
that point.  The slope is not, however, zero.  It suggests some small effect of  
Fe/SiO2 (w/w) ratio on the value of the distribution coefficient for tin. 
 
There is considerable scatter in the data set, and over the Fe/SiO2 (w/w) range of  
0.86 to 1.07 the slope could be equally well drawn as zero.  While not in support of 
the previous conclusion that Fe/SiO2 (w/w) ratio has no effect on the distribution 
ratios, the data also does not refute this conclusion conclusively. 
 
There are no obvious outliers on Figure 6.4.3.  Again there is a slope to the best fit 
line although it does not represent a large change in distribution ratio between a low 
and a high Fe/SiO2 (w/w) ratio.  Most notable is the observation that between  
Fe/SiO2 (w/w) ratios of 0.86 and 1.07 there is no evidence of an effect of  
Fe/SiO2 (w/w) on the distribution ratio. 
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Figure 6.4.3. Accepted data for LIn s/m as a function of Fe/SiO2 (w/w) at 13 wt% CaO. 
 
Figure 6.4.4. Accepted data for LCu s/m as a function of Fe/SiO2 (w/w) at 13 wt% 
CaO. 
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The data on Figure 6.4.4 show very little scatter around the best fit line and the slope 
of that best fit line is very shallow.  Given that the accuracy of the copper distribution 
data is much greater than that for tin and indium, and that all three distributions 
exhibit similar behaviour, it is likely that the distributions for tin and indium are a 
little affected by the Fe/SiO2 (w/w) ratio.  This effect is much less than the effect of 
the CaO content at constant Fe/SiO2 (w/w) ratio on the distribution ratios. 
 
6.5. Effect of CaO and Fe/SiO2 (w/w) on distribution ratios 
 
In section 6.3 it was concluded that, over the narrow range of Fe/SiO2 (w/w) ratios 
from 0.86 to 1.07, the CaO content of the slag affected the tin, indium and copper 
distribution ratios significantly.  In each case the distribution ratios decreased as the 
CaO content increased.  It was also concluded that the Fe/SiO2 (w/w) ratio of the slag 
had no discernible effect on the three distributions. 
  
The above conclusions indicate that, on a Kongoli phase diagram of the copper-
saturated CaO-SiO2-FeOx system the iso-distribution ratio lines would plot as 
horizontal lines. 
 
However, in section 6.4 it was shown that the Fe/SiO2 (w/w) ratio of the slag does 
have a small effect on the distribution ratios of tin, indium and copper.  The three 
distribution ratios increase a little as the Fe/SiO2 (w/w) ratio of the slag increases. 
 
It can be concluded, then, that the iso-distribution ratio lines on Kongoli form of the 
copper-saturated CaO-SiO2-FeOx phase diagram should perhaps be drawn with a 
small slope towards higher values at higher Fe/SiO2 (w/w) ratios.  However, such 
lines can only be drawn from Fe/SiO2 (w/w) ratios of 0.7 to 1.2 and CaO contents 
from 5 wt% to 25 wt%. 
 
There are process implications as a result of these findings.  In a black copper process 
for recovering minor elements from electronic waste, tin and indium are required to 
report to the copper during the first reduction stage.  Both tin and indium recovery to 
the copper will be maximized if low Fe/SiO2 ratio (w/w) slags are used during this 
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stage.  In the oxidation stage both elements are required to partition to the slag so that 
they can be volatilised, so high Fe/SiO2 ratio (w/w) slags are preferred.  However, the 
effect of Fe/SiO2 (w/w) ratio on the distribution ratios is not very strong and it may be 
that manipulating the slag composition in the way suggested is not worthwhile. 
 
6.6. Iso-L lines on the FeOx-CaO-SiO2 Phase Diagram 
 
It is concluded in section 6.5, that the distribution ratios of tin (LSns/m), indium (LIns/m) 
and copper (Lcus/m) decrease as the wt% CaO increases, but they are much less 
affected by the Fe/SiO2 ratio (w/w), and so on a Kongoli phase diagram of the 
copper-saturated CaO-SiO2-FeOx system the iso-distribution ratio lines would plot as 
near-horizontal lines with a small slope towards higher Fe/SiO2 (w/w) ratios  
 
Based on the linear trendline equation calculated in section 6.3.3,  
 
Equation 6.6.1 
 
Equation 6.6.2 
 
Equation 6.6.3 
 
 
the corresponding wt% CaO can be calculated for chosen values of LMs/m.  These 
results were plotted on the FeOx-CaO-SiO2 phase diagram and marked with solid 
square symbols for tin on Figure 6.6.1 , for indium on Figure 6.6.2, and for copper on 
Figure 6.6.3.  
 
 
 
 
 
 
( ) 6619.0%0233.0/ +−= CaOwtL msSn
( ) 2548.5%2251.0/ +−= CaOwtL msIn
( ) 0529.0%0016.0/ +−= CaOwtL msCu
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Similarly, based on the linear trendline equations calculated in section 6.4,  
 
Equation 6.6.4 
 
Equation 6.6.5 
   
Equation 6.6.6 
 
the corresponding Fe/SiO2 ratio (w/w) can be calculated for chosen values of LMs/m.  
These results were plotted on the FeOx-CaO-SiO2 phase diagram and marked hollow 
square points, for tin on Figure 6.6.1, for indium on Figure 6.6.2, and for copper on 
Figure 6.6.3.  
 
 
 
Figure 6.6.1. LSn s/m of FeOx-CaO-SiO2 phase diagram. 
( )( ) 1289.0//3923.0 2/ −= wwSiOFeL msSn
( )( ) 5833.0//0488.2 2/ −= wwSiOFeL msIn
( )( ) 0128.0//0145.0 2/ += wwSiOFeL msCu
? 
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Figure 6.6.2. LIn s/m of FeOx-CaO-SiO2 phase diagram. 
 
Figure 6.6.3. LCu s/m of FeOx-CaO-SiO2 phase diagram. 
? 
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A data point on Figure 6.6.1 for LSn s/m and Figure 6.6.2 for LIn s/m at  
Fe/SiO2 (w/w) = 0.8 and wt% CaO = 13 appears to be an outlier and is indicated  
by “?”.  As explained earlier, there is only a limited amount of data in the “constant 
wt% CaO & varying Fe/SiO2 (w/w)” data set for tin and indium so the values at low 
and high Fe/SiO2 (w/w) will have low reliability.  
 
Iso-L lines can now be drawn on the FeOx-CaO-SiO2 phase diagram. Iso-L lines for 
tin are shown in Figure 6.6.4, for indium in Figure 6.6.5, and for copper in Figure 
6.6.6. 
 
 
 
Figure 6.6.4. Accepted results - Iso-LSn s/m lines of FeOx-CaO-SiO2 phase diagram. 
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Figure 6.6.5. Accepted results - Iso-LIn s/m lines of FeOx-CaO-SiO2 phase diagram. 
 
Figure 6.6.6. Accepted results - Iso-LCu s/m lines of FeOx-CaO-SiO2 phase diagram. 
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There is no reliable data at wt% CaO greater than 25 wt% and Fe/SiO2 (w/w) greater 
than 1.1 for the reasons given in section 5.6.   
 
It is clear that the distribution ratios for tin, indium and copper all behave very 
similarly as the composition of the slag is varied. 
 
 
6.7. Activity Coefficient of Metal Oxide in Slags 
 
In this section the activity coefficients of ‘tin oxide’ and ‘indium oxide’ in slag are 
calculated from the distribution ratios and the results discussed.  Tin oxide will be 
taken as SnO and indium oxide as InO for reasons considered fully in  
Sections 6.2.1 and 6.2.2.  
 
As shown earlier, Yazawa and Takeda (1982) expressed the distribution ratio of M 
between slag and liquid copper as; 
 
Equation 6.7.1 
 
Rearranging Equation 6.7.1 gives the equation below;  
 
Equation 6.7.2 
 
where K is the equilibrium constant which depends on temperature, (nT) is the total 
number of moles of constituents in 100 g of slag and [nT] is similarly defined for 
copper, [γM] is the activity coefficient of M in copper in copper and (MOv) is the 
activity coefficient of MOv in the slag, and pO2 is the oxygen partial pressure.  If all 
terms on the right hand side of Equation 6.7.2 are known then the activity coefficient 
of MOv can be calculated.  It follows from the above that the activity coefficient of 
MOv is inversely proportional to the slag/metal distribution ratio; 
( )
[ ]
( )[ ]
[ ]( )
vMOT
v
OMTms
M
n
pnK
M
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γ
γ 2// 2
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%
==
( ) ( )[ ][ ] msMT
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Equation 6.7.3 
 
In Section 6.6 it was concluded that the iso-LMs/m lines on the Kongoli form of the 
phase diagram for the copper-saturated CaO-SiO2-FeOx system for tin, indium and 
copper appear as near-horizontal lines.  Since γMOv is inversely proportional to LMs/m, 
then iso-γMOv lines on the Kongoli phase diagram must also appear similar as near-
horizontal lines.  As explained earlier, there is only a limited amount of data with 
near-constant CaO content and varying Fe/SiO2 (w/w) ratio so iso-γM lines can only 
be drawn from Fe/SiO2 (w/w) ratios of 0.7 to 1.2 and CaO contents from 5 wt%  
to 25 wt%.   
 
The value of K can be calculated from Equation 6.7.4 where ∆G°MOx is the standard 
Gibbs free energy change for the oxidation reaction of copper, tin or indium; 
 
Equation 6.7.4 
 
Takeda and Yazawa (1989) quoted ∆G°
 
for copper oxide and tin oxide as, 
 
Equation 6.7.5 
 
Equation 6.7.6 
 
It is not certain which form of the copper oxidation reaction is applicable to the 
equation quoted by Takeda and Yazawa (1989).  It is very different to that quoted  by 
Eerola et al. (1984), as follows, where the reaction was specified as; 
 
Equation 6.7.7 
Equation 6.7.8 
 
( )
ms
M
MO Lv /
1
∝γ







 ∆−
=
RT
G
xMO
eK
0
( ) TJlG CuO 84.85680,242/5.00 +−=∆
( ) TJlG SnO 3.93500,274/0 +−=∆
( ) TJlG CuO 93.20996,59/5.00 +−=∆
( ) ( ) 5.0241 CuOgOlCu =+
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Comparing the calculated value of ∆G°
 
for copper oxide from Takeda and Yazawa 
(1989) with that from Eerola et al.  (1984), and that from the HSC Chemistry 5.1 
(2002) database, it seems certain that Takeda and Yazawa’s equation for ∆G° is 
applicable to the equation; 
Equation 6.7.9 
 
When the values in Equation 6.7.6 are divided by four, the equation for ∆G° becomes 
Equation 6.7.10 and the calculated value of ∆G° becomes very similar to that quoted 
by Eerola and HSC Chemistry 5.1. 
 
Equation 6.7.10 
 
Using Equation 6.7.10 and substituting the calculated value of ∆G° at 1300 °C and 
gas constant, R of 8.314 J/(mol.K) into Equation 6.7.4, the equilibrium constant, K, 
can then be calculated.  There was a slight difference between the value of K quoted 
by Takeda and Yazawa and that from the HSC Chemistry 5.1.  The values of K for 
SnO and CuO0.5 that were chosen in this research are those from Takeda and Yazawa, 
in order to allow comparison of γM values with those quoted by them (1989). 
 
Equation 6.7.11 
 
Equation 6.7.12 
 
The value of K for InO is quoted from HSC Chemistry 5.1, to allow comparison to 
past research on indium by Hoang and Swinbourne (2007).  The gaseous standard 
state must be used for InO because this species only exists as a gas at 1300 oC.   
 
Equation 6.7.13 
 
The error in K due to temperature variation was calculated previously and is 
summarised in Table 5.8.1.  The error in K for SnO is 4.0%, for InO is 2.4%, and for 
CuO0.5 it is 0.9%. 
( ) TJlG CuO 46.21670,60/5.00 +−=∆
( ) ( ) 5.02 44 CuOgOlCu =+
( ) 413002 10 x 1.74621 ==+ CoKSnOgOSn
( ) 7.8341 13005.02 ==+ CoKCuOgOCu
( ) ( ) -313002 10 x 7.3321 ==+ CoKgInOgOIn
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Previous work by Yazawa et al. (1983) quoted that nT in slag and copper for typical 
non-ferrous smelting process is approximately 1.48 and 1.54 respectively.  The 
average values calculated from the analytical data in this work showed that nT in slag 
is 1.50 ± 0.05 and in metal is 1.55 ± 0.01.  The relative error in nT for slag is 3% and 
for metal is 1%. 
 
In Section 3.4.3 the best value of γSn(l) in copper at 1300 oC from the literature was 
determined to be 0.12 (Takeda et al., 1983) and similarly γIn(l) in copper was 
determined to be 0.32 (Azakami and Yazawa, 1976).  Both values are the limiting 
activity coefficients because tin and indium were present in copper in very small 
amounts.  The activity coefficient of copper in near-pure copper is unity. 
 
Substituting values to Equation 6.7.2, allows γSnO(l), γInO(g) and γCuO0.5(l) to be 
determined from the following equations; 
 
Equation 6.7.14 
 
Equation 6.7.15 
 
Equation 6.7.16 
 
Table 6.7.1 summarises the calculated values of γM s/m for tin, indium, and copper. 
These results are also presented as graphs in Figure 6.7.1 for tin, Figure 6.7.2 for 
indium, and Figure 6.7.3 for copper.   
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Figure 6.7.1. γSnO(l) as a function of wt% CaO with Fe/SiO2 (w/w) ratio between 
0.86 – 1.07. 
 
Figure 6.7.2. γInO(g) as a function of wt% CaO with Fe/SiO2 (w/w) ratio between 
0.86 – 1.07. 
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Figure 6.7.3. γCuO0.5(l) as a function of wt% CaO with Fe/SiO2 (w/w) ratio between 
0.86 – 1.07. 
 
The linear trendline equations shown in Figure 6.7.1, Figure 6.7.2, and Figure 6.7.3 
allow the corresponding wt% CaO to be calculated for chosen convenient values  
of γM.     
 
Equation 6.7.17 
 
Equation 6.7.18 
 
Equation 6.7.19 
 
 
These results were plotted on the FeOx-CaO-SiO2 phase diagram and marked with 
solid square symbols for tin on Figure 6.7.4, for indium on Figure 6.7.5, and for 
copper on Figure 6.7.6. 
 
( ) ( ) 6153.0%1185.0 += CaOwtlSnOγ
( ) ( ) 88 108%104 −− ×−×= CaOwtgInOγ
( ) ( ) 7516.1%2234.05.0 += CaOwtlCuOγ
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Figure 6.7.4. Integer values of SnO(l) on the copper-saturated FeOx-CaO-SiO2 phase 
diagram at 1300 oC. 
 
Figure 6.7.5. Integer values of InO(g) on the copper-saturated FeOx-CaO-SiO2 phase 
diagram at 1300 oC. 
Minor Elements Distribution during  
the Smelting of WEEE with Copper Scrap 
 
 154 Alicia Anindya   
 
Figure 6.7.6. Integer values of CuO0.5(l) on the copper-saturated FeOx-CaO-SiO2 
phase diagram at 1300 oC. 
 
 
Takeda and Yazawa (1989) reported activity coefficient data for tin oxide, SnO(l), and 
for copper oxide, CuO0.5(l), in the CaO-FeOx-SiO2 system, and this is presented in  
Figure 6.7.7 and Figure 6.7.8 respectively.  On both figures it can be seen that SnO(l) 
and CuO0.5(l) are almost constant in the lower wt% CaO and lower Fe/SiO2 ratio area 
and increases slightly at higher wt% CaO and high Fe/SiO2 ratios.  Unfortunately, no 
information on the value of InO(g) in copper could be found, but there is one reported 
value of indium oxide in lead system reported by Hoang and Swinbourne (2007).  
They presented InO(g) in lead for FeOx-CaO-SiO2-8 wt%Al2O3 slag at 1200 ºC at a 
much lower pO2 between 10-12 atm to 10-10 atm, as presented in Figure 6.7.9.  It is 
suggested by Hoang and Swinbourne’s results that InO(g) is not affected much by 
CaO/SiO2 ratio, but increases as Fe/SiO2 ratio increases.  Although the trend of InO(g) 
can not be concluded with confidence due to disagreements as discussed in  
Section 3.5.3, Hoang and Swinbourne’s results are used to be compared in this work, 
because it is the only value of InO(g) found in literature.  
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Figure 6.7.7. SnO(l) in CaO-FeOx-SiO2 slag at 1300 ºC (Takeda and Yazawa, 1989). 
 
 
Figure 6.7.8. CuO0.5(l) in CaO-FeOx-SiO2 slag at 1300 ºC and pO2 = 10-8 atm –  
10-6 atm (Takeda and Yazawa, 1989). 
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Figure 6.7.9. InO(g) in CaO-FeOx-SiO2 slag at 1200 ºC and pO2 = 10-12 atm –  
10-10 atm Values stated are x 107 (Hoang and Swinbourne, 2007). 
 
The iso-γM lines from these previous works were transposed onto the Kongoli 
diagram and combined with the iso-γM lines data from this work, for tin in Figure 
6.7.10, indium in Figure 6.7.11, and copper in Figure 6.7.12.  The data from previous 
work is presented as blue dash lines and from the present work as black solid lines. 
 
 
Figure 6.7.10. iso-SnO(l) lines of FeOx-CaO-SiO2 phase diagram. 
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Figure 6.7.11. iso-InO(g) lines of FeOx-CaO-SiO2 phase diagram. 
 
Figure 6.7.12. iso-CuO0.5(l) lines of FeOx-CaO-SiO2 phase diagram. 
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The iso-SnO(l) and CuO0.5(l) lines from present work presented in Figure 6.7.10 and 
Figure 6.7.12 are in very good agreement with previous work by Takeda and Yazawa 
(1989).  Any differences can be ascribed to experimental errors.  Furthermore, 
Takeda and Yazawa’s  work was at oxygen partial pressures of 10-9 atm to 10-12 atm 
while the present work was done at an oxygen partial pressure of  10-7 atm.  The 
similarity of the results indicates that the iso-activity coefficient lines for SnO(l) and 
CuO0.5(l) are not dependent on the oxygen partial pressure.  The implication is that the 
oxidation state of iron in the slags plays an insignificant role in determining the net 
interactions between the minor metal oxide and the other oxides in the slags. 
 
The InO(g) lines from the present work where copper was the solvent are also 
compared to those of Hoang and Swinbourne (2007) which used lead as the solvent as 
presented in Figure 6.7.11.  Although the values of the activity coefficients from both 
works are of very similar magnitude, there is total disagreement regarding the 
orientation of the iso-activity coefficient lines.   
 
Yazawa (1994) classified both CuO0.5 and SnO as neutral metal oxides and it can be 
seen on the figures above that, within the range of compositions covered by the 
Kongoli phase diagrams, they produce horizontal iso-activity coefficient lines.   
So, it can be concluded that SnO is a neutral metal oxide.  In this work indium also 
produced horizontal iso-activity coefficient lines and so InO(g) also appears to be 
behaving as a neutral metal oxide in FCS slags.  However, there is disagreement in 
the literature relating to the orientation of the iso-activity coefficient lines in FCS 
slags so it cannot conclusively be stated that InO(g) is a neutral metal oxide. 
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7. Computational Thermodynamic Modelling 
 
In this chapter, the activity coefficients for SnO and InO calculated in Section 6.7 are 
used in a thermodynamic model of a generic black copper smelting process using the 
commercial computational thermodynamic software “HSC for Windows 5.1”.  HSC 
is a useful tool for exploring the effects of a range of process conditions on outputs.  
It takes inputs of the species (the amounts and the phases), then uses its own internal 
thermodynamic properties database along with user-supplied activity coefficients to 
predict the process outputs.   
 
HSC does have the limitation that it requires the use of constant value activity 
coefficients in order to perform the equilibrium calculations.  It is reasonable to 
assume constant activity coefficients when the species are represented in their 
monocation form and when they are present at low concentrations.  The activity 
coefficients of species present in larger amounts do vary with composition.  As a 
result, the predictions made through HSC can only be regarded as indicative.  
Swinbourne (2011) has also given many other reasons why the predictions from 
thermodynamic models cannot be expected to match industrial data very closely, but 
why they still have great value as a predictive tool. 
 
Another limitation is that HSC moves the quantities of all species from calculation 
step to the next, and therefore operates in “closed system” mode.  In practice the gas 
phase is continually flushed from the smelting reactor and so the quantities of gaseous 
species would not effectively pass from one calculation step to the next i.e. they 
operate in “open system” mode.  The result is that HSC will often underestimate the 
quantity of a species reporting to the waste gas stream.    
 
7.1. HSC Input Data 
 
The composition of a typical mixed metallics/oxidic dross feed is based on data from 
both the Brixlegg Smelter in Austria (Woerz and Wallner, 1988) and the Aurubis 
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Lunen smelter in Germany (Nolte, 1997).  The basis was 1000 kg of feed.  It 
constitutes the feed to the first stage of the process, which is a reduction stage. 
 
Table 7.1.1. Assumed composition of the feed to the reduction stage.  
Metallics Drosses 
Species Mass (kg) Species Mass (g) 
Cu 140 CuO0.5 350 
Fe 70 FeO 220 
Zn 40 ZnO 100 
Pb 10 PbO 30 
Sn 9 SnO2 30 
In 1   
 
Two models were created, one based on a low CaO content slag and the other on a 
high CaO content slag.  Both had an Fe/SiO2 ratio (w/w) of 1.0.  These two models 
maximised the difference in the activity coefficients of CuO0.5(l), SnO(l) and InO(g) 
found in this work and so would be able to show clearly the affect of a change in slag 
composition on process outputs.  The low CaO slag model used 15 kg of CaO and  
170 kg of SiO2 as well as 85 kg of Al2O3 because alumina is present in industrial 
slags, possibly from refractory attack.  The high CaO slag model used 90 kg of CaO, 
170  kg of SiO2 and 85 kg of Al2O3. 
 
The activity coefficients of all species in the gas phase were taken as unity. 
 
The activity coefficients of metal oxides that do not report to the copper, or report 
only to a very minor extent, were set at unity.  The activity coefficients of ZnO and 
PbO were taken from Yazawa (1994) while those of SnO(l), CuO0.5(l), and InO(g) were 
taken from Figure 6.7.10, Figure 6.7.11 and Figure 6.7.12 respectively.  Finally, the 
activity coefficient of SnO2 was set at 4, based on the results of Takeda et al. (1984). 
 
The activity coefficient of copper was taken as unity and that for CuO0.5 as 3.5 from 
Yazawa (1994), as were the activity coefficients of lead and iron.  The activity 
coefficient of zinc was taken from Azakami and Yazawa (1976).  The activity 
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coefficients of tin and indium in copper were those determined to be the best 
available data, as discussed in Sections 3.4.3 and 3.5.3. 
 
All activity coefficient data is summarized in Table 7.1.2. 
 
The temperature was taken to be 1300 °C and carbon was added in 100 steps of 0.5 
kg each. 
 
Table 7.1.2. Activity coefficient data for the reduction stage models. 
Species Low CaO slag High CaO slag 
O2(g) 1 1 
CO(g) 1 1 
CO2(g) 1 1 
Zn(g) 1 1 
Sn(g) 1 1 
In(g) 1 1 
Pb(g) 1 1 
SnO(g) 1 1 
InO(g) 1 1 
PbO(g) 1 1 
   
CaO 1 1 
SiO2 1 1 
FeO 1 1 
FeO1.33 1 1 
Al2O3 1 1 
CuO0.5 3.5 7.5 
ZnO 2 2 
SnO 1.5 3.5 
SnO2 4 4 
InO(g) 1 x 10-7 9 x 10-7 
PbO 2 2 
   
Cu 1 1 
CuO0.5 3.5 3.5 
Zn 0.1 0.1 
Sn 0.12 0.12 
In 0.32 0.32 
Pb 5 5 
Fe 10 10 
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7.2. HSC Output – Reduction Stage 
 
Figure 7.2.1 for the low CaO slag shows that CuO0.5 in the feed is significantly 
reduced without carbon addition as a result of reduction of CuO0.5 by metallic iron in 
the charge.  After approximately 20 kg of carbon addition the amount of unreduced 
CuO0.5 is very small.     
 
Figure 7.2.2 shows that at a carbon addition of 20 kg of carbon almost all PbO in the 
charge has been reduced, but there is some loss of lead due to volatilisation of Pb(g) to 
the gas phase.  An increase in the amount of carbon used would increase the 
volatilisation of lead a little. 
 
Figure 7.2.3 shows that at a carbon addition of 20 kg zinc reports to all three phases 
in similar amounts and that higher carbon additions have little impact on the zinc 
content of the copper.  However, a higher carbon addition would reduce the loss of 
zinc to the slag. 
 
 
Figure 7.2.1. Results of HSC computation modelling for copper distribution at a low 
CaO content slag.  
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Figure 7.2.2. Results of HSC computation modelling for lead distribution at a low 
CaO content slag. 
 
Figure 7.2.3. Results of HSC computation modelling for zinc distribution at a low 
CaO content slag. 
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As a result of the above considerations, it was assumed that 20 kg of carbon is a 
reasonable value to assume for further analysis of the behaviour of indium and tin.  It 
cannot be compared to the industrial data for the Brixlegg smelter because that 
smelter uses a blast furnace for the reduction stage.  A blast furnace is not a well 
mixed equilibrium reactor so direct comparisons are not possible. 
 
The distribution of tin is shown in Figure 7.2.4.  At 20 kg of carbon addition the 
recovery of tin to the black copper is very close to 100%.  There is no indication of 
any volatilisation of tin species to the gas phase. 
 
The results for indium are shown in Figure 7.2.5 About 90% of the indium reports to 
the black copper.  InO(g) on the figure refers to InO in the slag, so the balance of 
indium reports to slag.  Again there are no volatilisation losses. 
 
 
 
Figure 7.2.4. Results of HSC computation modelling for tin distribution at a low CaO 
content slag. 
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Figure 7.2.5. Results of HSC computation modelling for indium distribution at a low 
CaO content slag. 
 
The results of the HSC computer modelling for reduction stage for copper, lead and 
zinc are qualitatively in accord with Brixlegg data, whose reduction stage does use a 
low CaO slag.  At the Brixlegg operation most lead reported to the black copper with 
the balance reporting to the gas, while zinc distributed almost equally between the 
three phases.  The HSC computer modelling reported much less lead and zinc in the 
gas than found at Brixlegg.  The fume from the blast furnace at Brixlegg also contains  
a little tin, while the HSC results do not show any tin reporting to the gas.   
 
The differences between the HSC results and the Brixlegg data are expected because 
real reactors are “open systems” i.e. the gas phase leaves the reactor as it forms.  In 
HSC modelling a “closed system” is assumed which means that all gaseous species 
are passed to the next calculation stage where they can react with the condensed 
phases.  The net result is that HSC underestimates volatilisation. The loss of volatile 
species from a real reactor shifts the equilibrium to favour the creation of more of 
those species. 
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Another HSC model was created with a high CaO content of approximately 25 wt% 
in slag and the same Fe/SiO2 ratio (w/w) of 1.0 as used previously for the low CaO 
slag case.  Increasing the CaO content changed the values of the activity coefficients 
of CuO0.5(l), SnO(l) and InO(g) and so would be able to show clearly the affect of a 
change in slag composition on process outputs.   
 
The output results for copper, lead, and zinc were very similar to the results for low 
CaO content slag so these results are not shown.  The results for tin are shown in 
Figure 7.2.6 and can be seen to be very similar to the results shown in Figure 7.2.4 for 
low CaO content slag.  This indicates that the CaO content of the slag makes no 
significant difference to the tin distribution, almost all tin still reporting to the black 
copper. 
 
 
Figure 7.2.6. Results of HSC computation modelling for tin distribution at a high 
CaO content slag. 
 
The HSC models for indium on the other hand suggested that the indium distribution 
is affected by the CaO content of the slag.  Figure 7.2.7 for indium distribution shows 
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that now almost all indium in the feed reports to the black copper metal, while  
Figure 7.2.5 for indium distribution at low wt% CaO shows about 90% of indium in 
the feed reports to copper metal. 
 
 
Figure 7.2.7. Results of HSC computation modelling for indium distribution at a high 
CaO content slag. 
 
The slag from the reduction stage is normally discarded and used as construction 
material or for sandblasting, so any metals in the slag are irretrievably lost.  Indium is 
a valuable metal so, according to HSC results, a high CaO slag is beneficial to 
prevent the lost of indium into the slag.  Copper and tin recovery are also increased 
with the higher wt% CaO in slag, however it is not a significant increase.  Although a 
high CaO slag offers benefits in terms of metals recovery, there are disadvantages.   
More CaO must be purchased and handled, and a much larger mass of slag results.  
Larger slag masses reduce the smelting capacity of the furnace and increase the 
demand for fuel to melt and heat the larger mass.  It is very doubtful that the use of a 
high CaO slag in the reduction stage of black copper smelting could be justified. 
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It should also be emphasised that, while recycling WEEE returns valuable metals for 
use, losses of metal during reprocessing are inevitable so the “metals cycle” can never 
be fully closed.   
 
7.3. HSC Output – Oxidation Stage 
 
The metal output composition from the reduction stage at 20kg carbon for the low 
wt% CaO slag was used as the feed for HSC computer modelling and is summarised 
in Table 7.3.1.  Metallic iron was added to the charge, as is done in practice, with the 
amount being that required to produce slag with an Fe/SiO2 (w/w) ratio = 1.   
The same masses of CaO and SiO2 were used as for the oxidation stage.  The 
temperature was taken to be 1300 °C and air was added in 100 steps of 1.0 Nm3 O2(g) 
and 3.72 Nm3 N2(g). 
 
Table 7.3.1. Black copper input to the reduction stage. 
Metallics 
Species Mass (kg) 
Cu 446 
CuO0.5 2.62 
Fe 11.1 
Zn 63.6 
Pb 35.6 
Sn 32.3 
In 0.93 


Figure 7.3.1 shows the equilibrium composition of the metal phase and it shows that 
the highest grade copper is achieved when 90 kg O2(g) is injected.  At this stage, the 
recovery of copper is about 94%.   

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Figure 7.3.1. Equilibrium composition of metal phase of the oxidation stage. 
 
Figure 7.3.2 shows the results for lead and Figure 7.3.3 shows the results for zinc.  
Oxidation is a batch process so as the amount of O2(g) added increases, both lead and 
zinc passed through a region with high volatilisation of Pb(g) and Zn(g).  It is expected 
that in the oxidation stage the fume will contain a significant amount of lead and zinc.   
This is in accord with Brixlegg operating data.  About 30% of the lead in the black 
copper reported to slag and about 20% reported to gas.  Zinc, at that level of oxygen 
addition, mostly reported to the slag. 
 
Figure 7.3.4 shows the results of HSC computer modelling for tin and Figure 7.3.5 
shows the results for indium.  Very little tin, and no indium, is volatilised.  Tin and 
indium reported mostly to the slag.  The result for tin is contrary to Brixlegg data 
where around 43% of the input tin reported to fume.  This again may be due to the 
fact that the oxidation stage is an open system with a large volume of gas passing 
through the reactor. 
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Figure 7.3.2. Lead distribution during the oxidation stage. 
 
 
Figure 7.3.3. Zinc distribution during the oxidation stage. 
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Figure 7.3.4. Tin distribution during the oxidation stage. 
 
 
Figure 7.3.5. Indium distribution during the oxidation stage. 
In Slag 
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7.4. HSC Conclusion  
 
For the reduction stage of black copper smelting it was found that copper, lead and 
zinc distribute very similarly between the copper, slag and gas for both low CaO and 
high CaO slags.  The HSC results for the low CaO slag, as used at the Brixlegg 
smelter, are qualitatively in accord with their operating data.  Tin distribution is not 
greatly affected by the CaO content of the slag, with almost all tin reporting to the 
black copper.  Indium recovery to the black copper increased a little when the CaO 
content in the slag increased, with again most indium reporting to the black copper.  
High CaO slag therefore offers some benefits for indium recovery, but it is doubtful 
that its use could be economically justified.  The reduction stage can be regarded as 
successful in that only a very minor amount of tin and indium is lost to the slag. 
 
The black copper from reduction is next oxidised to remove much of the minor 
element impurities.  At the level of oxygen addition needed to obtain the highest 
grade of copper it is expected the gas will contain significant amounts of lead and 
zinc, which become a fume product.  This is in accord with Brixlegg operating data.  
Tin and indium were predicted not to report to the fume and this is contrary to 
Brixlegg, where a significant amount of tin reports to fume.  Almost all tin and 
indium were found to report to the slag, from which their recovery would be difficult 
and costly. 
 
Then activity coefficient data generated in this work has led to the conclusion that the 
black copper process achieves high recoveries of tin and indium to the copper during 
reduction – but that they are then almost entirely lost to the slag during oxidation.  
This is not a good outcome for WEEE reprocessing.  
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8. Conclusions 
 
The amount of waste electrical and electronic equipment (WEEE) being generated 
throughout the world is large and increasing rapidly.  Previous practices of landfilling 
are no longer allowed in many countries because toxic materials leach from WEEE 
into the water table.  WEEE actually contains significant amounts of many scarce and 
valuable metals and so should be regarded as an “urban ore”.  Reprocessing WEEE to 
recover as many of these metals as possible would make a contribution to their 
sustainability. 
 
Reprocessing WEEE mainly involves pyrometallurgical methods.  It was concluded 
that one very attractive option is to add WEEE to the feed of secondary copper 
smelters because these smelters are usually close to cities – where WEEE is also 
generated.  The technology used by most secondary copper smelters produces what is 
known as “black copper”.  Optimisation of smelting circuits requires that information 
be available on the way in which various scarce metals in WEEE distribute between 
black copper, the slag and the waste gas.  Many of these scarce metals are not found 
in primary copper ores, so distribution data for them has been little investigated. 
 
Tin and indium are valuable metals and the natural supply of indium in particular is 
very small.  The distribution of these two metals under black copper smelting 
conditions was therefore investigated experimentally, with both oxygen partial 
pressure and slag composition within the copper-saturated CaO-SiO2-FeOx (FCS) 
system being varied at a temperature of 1300 °C.  The range of Fe/SiO2 ratios that 
could be investigated was limited due to interaction between the slags and the 
magnesia crucibles used to hold them. 
 
Between oxygen partial pressures of 3 x 10-9 atm and 10-6 atm it was concluded that 
tin is present in slag as SnO (Sn2+).  This is in accord with the literature for iron 
silicate slags, but contrary to that for calcium ferrite slag and calcium magnesium 
silicate slag where SnO2 is believed to be present at the higher oxygen partial 
pressures.  It was also found, under the same conditions, that indium appeared in slag 
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as InO (In2+).  This is in accord with one previous study, but contrary to another 
where InO1.5 was proposed. 
 
It was found that the CaO content of the slag affected both the tin and indium 
slag/metal distribution ratios significantly, the ratio decreasing as the CaO content 
increased.  The Fe/SiO2 (w/w) ratio had a minimal effect on the tin and indium 
distribution ratios.  On a Kongoli phase diagram for the copper-saturated FCS slag 
system the iso-distribution ratio lines for both tin and indium plot as almost horizontal 
lines.   
 
The activity coefficients of SnO and InO in the slags are required for computational 
thermodynamics modelling of proposed WEEE smelting options.  They were 
calculated from the distribution ratios and agreed values for the limiting activity 
coefficients of tin and indium in molten copper.  Iso-activity coefficients lines also 
plot as near-horizontal lines on the Kongoli phase diagram.  The activity coefficient 
of SnO varied from 1.0 at 5 wt% CaO to 3.5 at 25 wt% CaO while that of InO, 
referred to the gaseous standard state, varied from 1.0 x 10-7 at 5 wt% CaO to 9.0 x 
10-7 at  
25 wt% CaO.  It was concluded that SnO behaves as a neutral metal oxide in FCS 
slags.  However, there is disagreement in the literature to the orientation of the iso-
activity coefficient lines of InO in FCS slags so it cannot conclusively be stated that 
InO(g) is a neutral metal oxide.  
 
Computational thermodynamic models were created for both the reduction and 
oxidation stages of black copper smelting.  In the reduction stage it was found that tin 
distribution is not affected by the CaO content in the slag, while indium distribution 
to copper increased a little when the CaO content in the slag increased.  It is also 
concluded that the reduction stage can be considered successful for recovering tin and 
indium as only minor amounts of tin and indium were lost to the slag.  In the 
oxidation stage tin and indium were found to report almost entirely to slag, from 
which their recovery would be difficult and costly.  It was concluded that the black 
copper process is not suitable for recovering  indium, and probably tin, from WEEE.   
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